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ABSTRACT
Ruffed lemur (Varecia spp.) color vision research was conducted using a multidisciplinary
approach: psychophysics, genetic analysis, technology, and animal training. The behavioral
manifestation of Varecia spp. trichromacy was shown using a touchscreen apparatus
(SMARTA). Trichromats performed better than dichromats when discriminating red from green
(G2 = 78.10, p < 0.001).

KEYWORDS
Color vision, polymorphic trichromacy, touchscreen apparatus, ruffed lemurs (Varecia spp.),
genetics, cognition, behavior, SMARTA.
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INTRODUCTION

The visual system is an important evolutionary hallmark for primates. Forward-facing
eyes and stereoscopic vision are major primate characteristics that separate them from other
mammals. Many hypotheses have been put forth to explain the evolution of forward-facing eyes
in primates; these include arboreal hypothesis, visual predation hypothesis, and angiosperm
radiation hypothesis (Silcox et al., 2007).
Le Gros Clark (1959) introduced the arboreal hypothesis where he hypothesized that
forward-facing eyes are beneficial to arboreal primates. Essentially, primates can accurately
gauge distances when they leap from one branch to another with stereoscopic vision. Cartmill
(1972, 1974, 1992), however, argued that the evolution for forward-facing eyes is instead due to
the visual predation hypothesis where he posited that optical convergence is beneficial for
estimating the distance of prey, specifically insects. Alternatively, Sussman and Raven (1978)
and Sussman (1991) put forth the angiosperm radiation hypothesis, positing that primate
stereoscopic vision is a result of coevolution with the expansion of angiosperms. Accordingly,
the radiation of angiosperms provided new food resources for primates, as they can now feed on
different parts of the angiosperm as well as insects that live or frequent these angiosperms. As
primates evolved to feed on the terminal branches of angiosperms, stereoscopic vision provides
an advantage for depth perception as well as prey detection. Lastly, Rasmussen (1990) posited
that the forward-facing eyes in primates are not a product of a single evolutionary pressure but a
combination of different evolutionary forces, explained by the arboreal hypothesis, visual
predation hypothesis, and angiosperm radiation hypothesis.
Vision is considered the primary sense for primates, evident from a well-developed and
complex retina and visual cortex (Cartmill, 1992). Primates have a reduced olfaction system
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when compared to other eutherian mammals, and rely more on vision (Cartmill, 1992). Along
with an enhanced visual system, primates are also capable of having trichromatic color vision
(Jacobs, 1981). Trichromats have the ability to discriminate between long and middle
wavelengths, effectively enabling them to discriminate between red and green color (Jacobs,
1981). For dichromats however, these visual cues are unavailable to them. Dichromats are unable
to discriminate between the colors red and green, specifically, dichromats see red and green as
the same color (Jacobs, 1981). Trichromacy is not present in all primate species however, and the
mechanism for trichromacy varies across primate lineages (Surridge et al., 2003).
Trichromatic color vision is achieved either through routine or polymorphic trichromacy
(Jacobs & Deegan, 1999a; Surridge et al., 2003). Catarrhines are routine trichromats, with a
single autosomal short wavelength (SW) opsin gene and two opsin genes on the X-chromosome
(Jacobs & Deegan, 1999a). Because there are two opsin genes, medium wavelength (MW) and
long wavelength (LW), on the X-chromosome, catarrhines are routine trichromats (Jacobs &
Deegan, 1999a). Platyrrhines and lemuriformes, however, are capable of trichromatic color
vision through polymorphic trichromacy (Surridge et al., 2003). With a single autosomal SW
opsin gene and one either MW or LW opsin gene on the X-chromosome, most platyrrhines and
lemuriformes are dichromats (Jacobs & Deegan, 1999a). However, in some platyrrhines and
lemuriformes, the X-linked opsin gene is polymorphic. For example, female Callithrix geoffroyi,
Cebus apella, Cebus capucinus, Saguinas spp., Propithecus coquereli, and Varecia spp.
heterozygotes could be trichromats if they have both MW and LW opsin genes (Jacobs, 1998;
Kainz et al., 1998; Dulai et al., 1999; Nathans, 1999; Tan & Li, 1999; Rushmore et al., 2012).
There is currently no conclusive evidence pointing to or suggesting why polymorphic
populations exist, and what mechanism or mechanisms maintain the polymorphism within
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primate populations. It has been posited, however, that in polymorphic populations, trichromats
have a chromatic advantage during foraging (Mollon et al., 1984; Surridge et al., 2003; Melin et
al., 2007; Melin et al., 2008) and predator detection (Pessoa et al., 2014). That is, trichromats
have an advantage in detecting red (potentially ripe) fruits from a foliage background or
discriminating red from green (potentially unripe) fruit (Mollon, 1989; Osorio & Vorobyev,
1996; Sumner & Mollon, 2000a; Sumner & Mollon, 2000b; Regan et al., 2001; Smith et al.,
2003; de Araújo et al., 2006). Furthermore, Pessoa et al. (2014) posited that trichromatic
individuals have an advantage in predator detection because the pelage and feathers of their
predators are oftentimes reddish.
Trichromacy in primates is special because the mechanism for trichromacy varies across
primate radiations. However, there is limited evidence for its advantages in ruffed lemurs
(Leonhardt et al., 2009; Rushmore et al., 2012), although, trichromacy may or may not confer
different advantages under different circumstances. Moreover, while it is interesting to
investigate how the evolution and maintenance of trichromacy evolved in lemurs, an even more
fundamental question needs to be asked. That is, whether trichromacy in lemurs is expressed
behaviorally. Specifically, can trichromatic lemurs actually perceive red? If not, what other
visual cues are both dichromatic and trichromatic lemurs using when discriminating red
(potentially ripe fruit) from green background (foliage)? Are the difference in intensities between
two colors (red and green) significant enough that it is used as a salient cue for discrimination?
The goal of this experiment is to test whether lemurs are able to perceive and discriminate red
from green using touchscreen discrimination task.

BACKGROUND
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Visual System

Color vision can be defined as the ability to perceive and discriminate different light
wavelengths by the observer, independent of the relative intensities (Abramov & Gordon, 2006).
If the intensity of two light wavelengths can be adjusted to the point that the light wavelengths
are no longer perceived as separate, then the observer is considered a monochromat (Abramov &
Gordon, 2006). Dichromats are able to perceive two light wavelengths independent of intensities
(Abramov & Gordon, 2006). Trichromats, on the other hand, will always be able to perceive
different light wavelengths at different intensities (Abramov & Gordon, 2006).
Visual receptors inside the retina are tuned to different spectral regions and are excited
maximally by particular wavelength (Bowmaker & Dartnall, 1980; Abramov & Gordon, 2006).
Cones are responsible for color vision while rods are for dark adapted vision (Bowmaker &
Dartnall, 1980; Abramov & Gordon, 2006). The three cone receptors responsible for color vision
are the S-cone, M-cone, and the L-cone (Bowmaker & Dartnall, 1980; Abramov & Gordon,
2006). In humans, each of these cones are tuned to specific spectral regions with peaks as
follows: S-cone to short wavelength (SW) at 430 nm, M-cone to medium wavelength (MW) at
530 nm, and the L-cone to long wavelength (LW) at 560 nm (Bowmaker & Dartnall, 1980;
Wyszecki & Stiles, 1982; Abramov & Gordon, 2006). Possession of these cone receptors enables
the observer to elicit a differential sensory response and perceive color (Wyszecki & Stiles,
1982; Abramov & Gordon, 2006).
In the visual system, “matching” occurs when lights of different wavelengths are
combined to make a matching color. Matching can result in two physically different stimuli to be
perceived similarly (Abramov & Gordon, 2006). When both lights are introduced simultaneously
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to light receptors, these lights are used to match and turn into a different color (Abramov &
Gordon, 2006). For example, when lights that appear red and green are both mixed, “matching”
occurs and the resulting match is perceived as yellow (Abramov & Gordon, 2006). We can
visualize matching as mixing two colors in an artist palette to create a desired color, for example,
red and yellow to produce orange. The visual system matches all the colors we perceive. We can
visualize the light wavelengths as input and color as output. A dichromat perceives color
differently than a trichromat because dichromats lack certain cones that would enable them to
differentiate the colors. This phenomenon is commonly referred to as “color blind”, although it is
a misnomer because observers that are “color blind” are not blind to all chromaticity, but are
unable to separate some ranges of wavelengths into different hues due to the lack of certain cone
receptors.
The dimensions needed to make a color match in primates can be explained through
additive color mixing (Young, 1802; Abramov & Gordon, 2006). In additive color mixing, the
lights that are combined to match a color are called primaries, which corresponds to the number
of dimensions needed to match a color (Abramov & Gordon, 2006). Individuals that need two
primaries to match a color are dichromats (2 dimensions) while those that need three primaries
are trichromats (3 dimensions) (Abramov & Gordon, 2006).
There are three types of dichromats: protanopes, deuteranopes, and tritanopes (Sharpe et
al. 2001; Abramov & Gordon, 2006). Individuals with protanopia lack L-cones (red deficiency);
deuteranopic individuals lack M-cones (green deficiency); and tritanopics lack S-cones (blue
deficiency) (Neitz & Neitz, 2000; Sharpe et al. 2001; Abramov & Gordon, 2006). All of these
cone deficiencies are referred to as dichromacy. Thus the world is perceived very differently
amongst protanopes, deuteranopes, tritanopes, and trichromats (Figure 1).
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Color Discrimination

Dichromats have a point in the spectrum where the perceived color becomes white
(Abramov & Gordon, 2006). This point is referred to as the spectral neutral point, and it is
thought that dichromats use brightness cues to discriminate stimuli at the spectral neutral point
instead of color (Abramov & Gordon, 2006). Protanopes, deuteranopes, and tritanopes have
different spectral neutral points (Abramov & Gordon, 2006). Protanopes and deuteranopes lack
the L-cones and M-cones respectively, and have a neutral point between 490 nm to 510 nm
(Abramov & Gordon, 2006). Protanopia and deuteranopia are sex-linked traits because M- and
L-cones are found in a sex chromosome (X-chromosome). Tritanopes lack S-cones and have a
neutral point between 565 nm to 575 nm (Abramov & Gordon, 2006). Since S-cones are only
found in the autosomes, tritanopia is not sex-linked. Although all dichromats have a spectral
neutral point, different types of dichromats have different spectral neutral points. Thus, it is
important to know which spectral neutral point a dichromatic subject has.
In the visual system, isoluminant stimuli look similar through the luminance processing
pathway but can look distinct through the color processing pathway (Teller & Lindsey, 1989; Lu
et al., 1999; Abramov & Gordon, 2006). That is, if two stimuli are isoluminant, they have the
same luminance but could be of different color. For example, two stimuli (red and green) could
be isoluminant in that they can have the same brightness but are perceived to be two different
colors. This distinction can be easily made by trichromats, who can perceive and discriminate
blue, green, and red. Although the two stimuli have the same luminance, two different colors are
perceived. For dichromats, however, the inability to perceive red makes the observer unable to
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discriminate red and green isoluminant stimuli. This results in dichromats perceiving the two
isoluminant stimuli as similar through both the luminance and color processing pathways.
Color discrimination could be influenced by many factors such as chromatic and
achromatic sensitivity, as well as the sizes of the stimuli. A study in human infants found that
chromatic stimuli could be reliably discriminated against achromatic stimuli (Adams et al.,
1994). That is, when given a discrimination task, human infants can perceive chromatic and
achromatic stimuli differently. There is also chromatic sensitivity in human infants, which
enables them to discriminate between colors (Clavadetscher et al., 1988). Not only are they able
to discriminate between chromatic and achromatic stimuli, they can also discriminate amongst
chromatic stimuli. A study by Adams et al. (1990) found that human newborns can discriminate
eight degree red squares from white but required 16 degree green squares for discrimination from
white. We see that chromatic discrimination can be influenced by the size of a stimulus.
Nonhuman primate color vision is the same as humans, evident from behavioral and
physiological studies in Old World Monkeys (e.g. macaques; De Valois, 1960; De Valois, 1974)
and New World Monkeys (e.g. squirrel monkeys; Jacobs et al., 1993; Mancuso et al., 2009).
Thus we assume that lemur color vision would have the same behavioral and physiological
properties as well.

Color Vision

Color perception is the ability to perceive and discriminate different light wavelengths
based on chromaticity and requires different stages of psychophysical processes (Jacobs, 1981;
Jacobs, 1993). To perceive and discriminate color, an organism must have more than one type of
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photoreceptor that is tuned to different spectral sensitivities and have the neural mechanisms to
translate the stimulus input (Jacobs, 1993; Dacey, 2000; Kelber et al., 2003; Kelber & Roth,
2006). Photoreceptors are tuned to different spectral regions by their photopigments; the
photopigments themselves are sensitive to a particular spectral region because of their opsin
proteins (Jacobs, 1995; Dominy et al., 2001; Surridge et al., 2003).
There are different types of color vision across the animal kingdom. Monochromacy
tends to occur in nocturnal animals (e.g. raccoons, Procyon lotor; Jacobs & Deegan, 1992) and
those that live in low light environments (cetaceans and pinnipeds; Peichl et al., 2001). Most
mammals are dichromatic, such as canids (dogs and foxes; Jacobs et al., 1993). However,
trichromacy is almost exclusively a primate trait (Walls, 1942; Jacobs, 1981; Surridge et al.,
2003; Jacobs, 2008). Fishes, such as goldfishes (Carassius auratus), are tetrachromatic, although
only exhibiting trichromacy if moving from dark to bright light (Neumeyer & Arnold 1989).
Tetrachromacy can also be found in birds (e.g. zebra finches, Taeniopygia guttata; Bennett et al.,
1996) and insects (Japanese yellow swallowtail butterfly, Papillio xuthus; Koshitaka et al.,
2008).

Primate Color Vision

Among primates, monochromatic, dichromatic and trichromatic vision have all been
reported in different primate taxa (Bowmaker, 1990; Bowmaker et al., 1991; Jacobs et al., 1996a;
Jacobs et al. ,1996b; Jacobs et al., 1996c; Jacobs & Deegan, 1999a; Heesy & Ross, 2001;
Surridge et al., 2003; Perry et al., 2007). Of these color vision phenotypes, dichromacy has been
suggested as being the ancestral trait of primate vision (Heesy and Ross, 2001; Perry et al.,
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2007). Besides some megachiropterans (Wang et al., 2004) , trichromatic vision is unique in
primates, and can be found in multiple primate lineages (Walls, 1942; Jacobs, 1981; Surridge et
al., 2003; Jacobs, 2008); however, the mechanism for trichromatic vision differs (Jacobs, 1981;
Mollon et al., 1984; Jacobs & Deegan, 1999a; Surridge et al., 2003) (Table 1).
Catarrhines and howler monkeys exhibit routine trichromacy, where individuals possess a
single autosomal short wavelength (SW) opsin gene and two X-linked medium wavelength
(MW) and long wavelength (LW) opsin genes (Mollon et al., 1984; Kainz et al., 1998; Jacobs &
Deegan, 1999a; Tan & Li, 1999). Many New World monkeys and lemurs, on the other hand,
exhibit polymorphic trichromacy, where individuals possess a single autosomal SW opsin gene
and one X-linked MW or LW opsin gene (Tovee, 1994; Jacobs, 2004). Because there is only one
X-linked opsin gene, all male and homozygous females possess dichromatic vision while
heterozygous females are capable of trichromatic vision (Tovee, 1994; Jacobs, 2004). Currently,
there is evidence that heterozygous female Callithrix geoffroyi, Cebus apella, Cebus capucinus,
Saguinas spp., Propithecus coquereli, and Varecia spp. are capable of polymorphic trichromacy
(Jacobs, 1998; Kainz et al., 1998; Dulai et al., 1999; Nathans, 1999; Tan & Li, 1999; Leonhardt
et al., 2009; Rushmore et al., 2012) (Figure 2).
Interestingly, dichromatic squirrel monkeys (Saimiri sciureus) were able to gain
trichromatic vision by having the human L-opsin gene introduced into their retina (Mancuso et
al., 2009), suggesting a direct link in haplorhines between genetic trichromacy and its behavioral
expression. Trichromacy can be introduced to congenital dichromats (possessing only 2 cones)
by adding a third opsin gene without requiring any early developmental process. Further research
should be done to elucidate the effectiveness of gene therapy in primates but for S. sciureus, the
addition of L-opsin gene was enough to produce L-photopigments.
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There has been much research investigating the advantages of both routine (Allen, 1879;
Mollon, 1989; Osorio & Vorobyev, 1996; Sumner & Mollon, 2000a, 2000b; Regan et al., 2001)
and polymorphic (Mollon et al., 1984; Surridge et al., 2003; Melin et al., 2007, Melin et al.,
2008; Pessoa et al., 2014) trichromacy in foraging. Research in primate polymorphic color vision
hypothesizes that individuals use chromatic cues to detect fruits when foraging, and that different
color vision genotypes exhibit different abilities to discriminate colors (Mollon et al., 1984;
Surridge et al., 2003; Melin et al., 2007, 2008). Furthermore, it has been proposed that there is an
adaptive significance in primate polymorphic color vision, especially for foraging (Mollon et al.,
1984; Surridge et al., 2003; Melin et al., 2007; Melin et al., 2008) and predator detection (Pessoa
et al., 2014).

RUFFED LEMURS

The genus Varecia consists of two species: black-and-white ruffed lemurs (Varecia
variegata variegata) and red ruffed lemurs (Varecia variegata rubra). Just like all lemurs,
Varecia spp. can only be found in the island nation of Madagascar (Mittermeier et al., 2006).
Both species do not occur in the same geographical location. V. v. variegata can be found in the
southeast while V. v. rubra in the north of Madagascar (Mittermeier et al., 2006). Both V. v.
variegata and V. v. rubra are capable of polymorphic trichromacy; heterozygote females are
trichromats while males and homozygote females are dichromats (Tan & Li, 1999; Tan et al.,
2005; Bradley et al., 2009; Veilleux & Bolnick, 2009; Leonhardt et al., 2009; Rushmore et al.,
2012).
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As the most frugivorous of all the lemurs, ruffed lemurs feed mostly on fruits and
supplement their diet with nectar, flowers, mature and young leaves (Vasey, 2002). Some ruffed
lemurs have also been observed eating soil (geophagy) and fungi (Britt, 2000; White, 1991).
Ruffed lemurs are excellent seed dispersers. Seeds are passed whole in their feces which increase
the chance of sprouting and decreases seed mortality (Dew & Wright, 1998). The Acanthaceae is
only eaten by V. v. variegata, who acts as a seed disperser for this plant family (Wright et al.,
2011). The ruffed lemurs utilize Ravenala madagascariensis as a source of nectar, and in return,
became pollinators for this plant species (Kress et al., 1994) The most common plants consumed
are from the genus Canarium, Cryptocarya, Ocotea, Ravensara, Ficus, Eugenis and Grewia
(Vasey, 2003). Within Ranomafana National Park (RNP), V. v. variegata feed on 21 fruiting
plant families (Wright et al., 2011). Fruit consists of 67-94% of V. v. variegata monthly diet at
RNP (Balko, 1998; Erhart & Grassi, 2009).
Several mechanisms might be selecting for the maintenance of trichromatic
polymorphism in Varecia spp. A high level of frugivory might be one of the mechanism
selecting for maintenance for trichromatic color vision (Mollon et al., 1984; Surridge et al., 2003;
Melin et al., 2007; Melin et al., 2008). Individuals with trichromacy might be able to spot ripe
fruits better than dichromats from far away. Ripe fruits (generally red or an admixture of red)
stand out amongst the lush green foliage such as those of Cryptocarya, Ravensara, and Ficus.
Predator detection might have been another mechanism that selected for the trichromatic
polymorphism (Pessoa et al., 2014). Henst’s Goshawk (Accipiter hensti), ring-tailed mongoose
(Galidia elegans), brown-tailed mongoose (Salanoia concolor) and fossa (Cryptoprocta ferox)
are potential predators of the ruffed lemurs, but incidents are rare (Karpanty & Grella, 2001;
Karpanty, 2006; White, 1991; Britt et al., 2001; Vasey, 1997). All four of these predators are
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reddish in color. However, fossa predation has only been observed from captive bred individuals
that have been introduced into the wild (White, 1991; Britt et al., 2001).
Nonetheless, the behavioral manifestation of polymorphic trichromacy in Varecia spp. is
not yet evident from previous research and there is minimal evidence to support that
polymorphic color vision confers an advantage in foraging (Leonhardt et al., 2009; Rushmore et
al., 2012). Varecia spp. were tasked to retrieve red and green colored cereal over tan (control)
and green (experimental) backgrounds in a foraging task (Leonhardt et al., 2009). Trichromatic
and dichromatic females retrieved red food faster than green food in control and experimental
backgrounds. Both female trichromats and dichromats also preferentially retrieved red food
before retrieving green food. Dichromatic female Varecia spp. behaved like trichromats by
seemingly being able to discriminate red from green (Leonhardt et al., 2009). However, I
hypothesize that Leonhardt et al. (2009) did not rigidly control for brightness cues in their stimuli
(cereal and background) during testing trials, which could have skewed their results. As a
consequence, both trichromatic and dichromatic females might have discriminated red food
amongst the green backdrop using brightness cues. Although the spectral reflectance of their
stimuli were measured with a spectroradiometer, colored cereals and sawdust could vary in
brightness depending on whether they were uniformly colored. Thus, using a testing medium
with a constant and controlled output would be more ideal.
Subsequently, to tease apart whether Varecia spp. use olfactory or visual cues to select
for food items, Rushmore et al. (2012) tasked Varecia spp. to retrieve their preferred red (ripe)
food from green (unripe) food by giving them olfactory, visual, or both cues. When given only
olfactory cues, Varecia spp. reliably chose red over green food but with only visual cues, both
trichromats and dichromats reliably chose green over red instead. When both olfactory and visual
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cues were presented simultaneously, Varecia spp. were able to once again choose red over green
food reliably. Rushmore et al. (2012) posited that Varecia spp. trichromats and dichromats were
reliably choosing their preferred red food by olfactory cues alone and that visual cues were used
to identify green food. Moreover, Varecia spp. seem to rely on olfactory cues to choose red
(ripe) fruits. Both trichromatic and dichromatic Varecia spp. preferentially chose green over red
when only visual cues were presented but reliably chose red over green when olfactory cues
were presented. These results suggest that Varecia spp. rely on olfactory cues when
discriminating red (ripe) food and that using visual cues alone inhibits their ability to choose red
over green fruit, which questions whether trichromatic Varecia spp. use their chromatic
advantage when foraging. Thus, before we can ask what mechanisms are selecting for
polymorphic trichromacy in Varecia spp., we must first find out whether trichromatic Varecia
spp. can differentiate red from green.
Using electroretinogram flicker photometry (Jacobs & Deegan, 2003) and molecular
studies (Tan & Li, 1999; Tan et al., 2005; Leonhardt et al., 2009; Bradley et al., 2009) the
presence of color vision polymorphism has been confirmed in populations of the genus Varecia.
Both of these methods were used in other studies to infer an individual’s ability to discriminate
chromatic stimuli (Tan & Li, 1999; Hanazawa et al., 2001; Jacobs et al., 2002; Jacobs & Deegan,
2003; Tan et al., 2005; Talebi et al., 2006; Melin et al., 2008; Veilleux & Bolnick, 2009). Thus,
we can infer that both captive populations of V. variegata and V. rubra at Duke Lemur Center
(DLC) have the ability for trichromatic or dichromatic vision and that they can discriminate
between chromatic stimuli. However, the behavioral manifestation of color vision is not based
solely on genotype alone but a culmination of multi-stage process into the behavioral response of
individuals to discriminate chromatic stimuli (Kelber et al., 2003; Kelber & Roth, 2006). Just
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because an individual has the genotype for trichromatic vision does not automatically mean that
it is reflected behaviorally. There are slight differences in the physiology of the eye between
strepsirrhines and haplorhines, but there are differences in the structure of the retina (Fleagle,
1999). Many diurnal strepsirrhines have a tapetum lucidum and lack a fovea while diurnal
haplorhines are the opposite (Fleagle, 1999). The difference in eye physiology could result in
differences in color vision capacity between strepsirrhines and haplorhine (Jacobs, 2008).
Furthermore, much of the color vision research has been done in haplorhines, for examples in
Macaca fascicularis (Devalois et al., 1974; Bowmaker et al., 1980), Saimiri sciureus (Jacobs,
1984; Jacobs & Blakeslee, 1984; Mollon et al., 1984), Saguinus fuscicollis (Jacobs et al., 1987)
and Callithrix jacchus (Tovee et al., 1992), instead of strepsirrhines.
The spectral sensitivities of Varecia spp. are tuned differently than those of many
haplorhines (Tan & Li, 1999; Jacobs et al., 2002; Bradley et al., 2009), especially to that of
humans (Nathans et al., 1986b). The MW opsin gene of Varecia spp. is maximally sensitive to
around 543 nm, and the LW opsin gene is maximally sensitive to around 558 nm (Tan & Li,
1999; Jacobs et al., 2002; Bradley et al., 2009) while in humans, the MW opsin gene is tuned to
535 nm and LW opsin gene to 562 nm (Nathans et al., 1986b). It is important to test color
discrimination using chromatic cues that are appropriate to Varecia spp. color vision (Stevens et
al., 2009) and to follow methods previously used to determine color vision and its behavioral
manifestation in haplorhines (Gomes et al., 2002; Pessoa et al., 2003; Pessoa et al., 2005a,
2005b; Araújo et al., 2008; Prado et al., 2008; Leonhardt et al., 2009; Rushmore et al., 2012;
Pessoa et al., 2014).

RESEARCH AIMS
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1. Investigate whether there is a link between genotype and phenotype in Varecia spp.
2. Investigate whether Varecia spp. trichromacy and dichromacy are expressed
behaviorally.
3. Investigate whether Varecia spp. trichromats can discriminate red from green better than
dichromats.
4. Investigate whether Varecia spp. trichromats and dichromats can discriminate red from
green when these stimuli are isoluminant.

METHODS

Hypotheses and Predictions

The following hypotheses will address whether Varecia spp. trichromats and dichromats
differ in color discrimination, and that there is a relationship between color discrimination
performance and the individual’s color vision phenotype.

● H1: Varecia spp. color vision phenotypes do not differ in their abilities to discriminate
red from gray

That is, both dichromatic and trichromatic Varecia spp. are able to discriminate red from
gray at above chance level (more than 50%). If H1 is supported, we can posit that both
dichromatic and trichromatic Varecia spp. are able to discriminate red from gray. If H1 is not
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supported, we can posit that dichromatic and trichromatic Varecia spp. vary in their abilities to
discriminate red from gray.

We also predict that dichromats and trichromats are able to discriminate red from
different gray intensities of the same brightness at above chance level (more than 50%). If this is
not supported, both dichromatic and trichromatic Varecia individuals rely on brightness cues to
discriminate red from different gray intensities.

● H2: Varecia spp. color vision phenotypes differ in their abilities to discriminate red from
green

That is, trichromatic Varecia spp. are able to discriminate red from green at above chance
level (more than 50%) and dichromatic Varecia spp. are able to discriminate red from green at
chance level (50%) . If H2 is supported, we can posit that the color vision genotypes in Varecia
spp. are expressed behaviorally. If H2 is not supported, we can posit that the color vision
genotypes in Varecia spp. are not expressed behaviorally, and that although these heterozygous
females are capable of trichromacy, they are not using that information in their visual system.
We also predict that trichromats are able to discriminate red from different green
intensities at above chance level (more than 50%) while dichromats are able to discriminate red
from different green intensities at chance level (50%). If this is not supported, both dichromat
and trichromat Varecia spp. relies on brightness cues to discriminate red from different green
intensities.
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Research Methods

Research was conducted at Duke Lemur Center (DLC) in Durham, North Carolina from
May 2015 until May 2016. Subjects were housed in indoor enclosures, with each enclosure
measuring 10 ft. height x 7.5 ft. wide x 7 ft. length. The ruffed lemurs are socially housed inside
these enclosures ranging from 2 to 4 animals per family group (Figure 6). Indoor enclosures are
divided by cement walls and chain-link fencing on the front, while outdoor enclosures are
surrounded by chain-link fencing. Ambient and fluorescent lighting provides light in the
enclosures. All ruffed lemurs have access to both indoor and outdoor enclosures. Some have the
option to free-range inside the Duke Forest which is connected to the DLC, weather and
temperature permitting. Research were conducted before lemurs are fed, from 8:30 AM to 12:00
PM, Mondays to Fridays. Our study subjects consisted of 19 ruffed lemurs but only 5 individuals
were fully trained and participated in testing. We selected these 5 individuals based on their
initial interest in participating with the study and continued interest throughout the whole study
(Table 2). Out of these 5 individuals, 3 are females and 2 are males. This research incorporates a
cross-disciplinary approach to answer the research question: psychophysics, genetic analysis,
technology, and animal training.

Psychophysics

We identified the absorption curves and peaks of the L and M opsins in humans
(Bowmaker & Dartnall, 1980; Wyszecki & Stiles, 1982; Abramov & Gordon, 2006) (Figure 3),
as well as calibrated the touchscreen tablet that is used in the research apparatus using a

Vagell 20

spectroradiometer (Photo Research Spectrascan 670). We use the RGB color model to designate
the intensities for red, gray, and green stimuli in the experiment so that we can specify and
control the stimuli. Red has one constant RGB value while gray and green each have seven RGB
values across a range of log10 increments (Table 3). Luminance (cd/m2) was calculated using the
formula [(Gain x Gun ValueExponent) + Offset] (Table 3). Each gray and green stimulus gets
progressively brighter at log10 increments because test stimuli were calibrated to control for
intensities (brightness). We identified the RGB values of the isoluminant point for gray and
green (log10 of 0) when paired with the red stimulus based on human luminance (Table 3). That
is, at log10 of 0, gray and green will have the same intensities as the red that it is paired with.
Lemurs would have to use chromatic cues instead of brightness cues to discriminate red from
gray or green.
Using the calibrated values, we use the human absorption curves to model how ruffed
lemurs perceive colors through touchscreen tablet (Figure 3). During testing, gray and red are
used so that the subjects can easily discriminate between an achromatic (gray) and chromatic
(red) stimulus. We use the red/gray pairing in Phase 1 of our testing as control and validation that
our research apparatus works. Green is used during testing so that we can investigate whether
subjects can perceive green and red differently. We use the red/green pairing in Phase 2 to test
whether phenotypic Varecia spp. trichromats are able to discriminate red from green.
Ruffed lemur visual perception is largely unknown due to lack of psychophysical studies
with lemurs, particularly this genus. For this research, we assume that chromatic discrimination
works the same across primate taxa and modeled our research methods based on human infant
studies (Adams et al., 1994; Clavadetscher et al., 1988). Thus, we postulate that Varecia spp. can
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reliably discriminate red from gray (Adams et al., 1994) and can make chromatic (red vs. green)
discriminations (Clavadetscher et al., 1988).
Training and test stimuli consist of a black background and rectangle and square target
keys (red, gray, and green). During training, target keys vary in size (Figure 4). The target key
gets progressively smaller until subjects are shaped to touch the same size target key as during
testing. The size of the testing target key is 3.625x 3.625 inch (9.206 x 9.206 cm) square, about
the length of a ruffed lemur’s palm (Baden et al., 2008). Having a target key that is the size of
their palm could reduce error when performing the discrimination tasks.
The size of target key has an influence in chromatic discrimination. A study by Adams et
al. (1990) found that human newborns can discriminate 8 degree red squares from white but
required 16 degree green squares for discrimination from white. That is, human newborns were
able to discriminate red in smaller target key size compared to green if the distance between the
stimuli and the observer is constant. The distance between the lemurs and the touchscreen was
constant during their trials, at about 6 inches away. However, there have yet to be any studies on
the influence of target key size in chromatic discrimination in nonhuman primates.

Genetic Analysis

All genetic analyses were conducted in the Primate Molecular Ecology Lab (PMEL) at
Hunter College of the City University of New York. Blood samples were obtained from all
participating ruffed lemurs at Duke Lemur Center. Genomic DNA were extracted from blood
samples using DNEasy Blood & Tissue Kit from QIAGEN.
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The DNA sequences were amplified with quantitative polymerase chain reaction (qPCR)
using primer sequences on exon 3 (5’-TCTGGTCCCTGGCCATCATTTC-3’ and 5’CACACTTACCTGCTCCAACC-3’) and on exon 5 (5’-GTAGCAAAGCAGCAGAAAGA-3’
and 5’-CTGCCGGTTCATAAAGACGTAGATAAT-3’) (Jacobs et al., 2016). The qPCR
reactions were then analyzed on a Rotor-Gene Q (QIAGEN) and later quantified using
QIAGEN’s High Resolution Melt Analysis (HRMA) protocol as well as protocols developed by
Bradley et al. (2009) and Jacobs et al. (2016). We use the HRMA protocol developed by Jacobs
et al. (2016) to conduct a rapid, and less costly, color vision genotyping. The HRMA compares
melting curves of various color vision genotypes in ruffed lemurs (homozygous M, homozygous
L, and heterozygous ML) by identifying the signature slope and peak of these curves (Jacobs et
al., 2016). Using the HRMA we identified the genotypes of our subjects. The color vision
genotypes of some individuals were known from previous studies (Leonhardt et al., 2009;
Rushmore et al., 2012). Thus, HRMA genotyping was used to confirm genotypes in those cases,
as well as obtain genotype information from additional individuals. Genotype results were
unknown to the principal investigator (RV) until completion of all experimental trials. We use a
double blind approach to avoid biasing the data collection.

Technology

Software and electronic engineering were applied to build the test apparatus, which is an
electronic device. The Subject-Mediated Automatic Remote Testing Apparatus (SMARTA) is a
novel device built from inexpensive parts, which automatically records and uploads data online
(Vagell et al., 2017). SMARTA automates the process of running trials with animal subjects, to
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avoid biases and improve the quality of data. SMARTA also has the capability to record videos
from its forward facing camera during testing trials.
SMARTA is a 10 inch Android tablet touchscreen monitor connected to a conveyor belt
that dispenses food rewards, with a smartphone remote control app (Figure 5). The conveyer
belt, powered by a battery pack, is mounted with 7 small plastic cups where food rewards are
stored and dispensed. Both the tablet and the conveyer belt are mounted inside an acrylic box.
Subjects can only see the tablet screen, while the conveyer belt is hidden inside the box during
trials.
During training, food rewards are dispensed manually via the smartphone app when the
subject touches the target key. A pre-recorded whistle tone plays from SMARTA when the food
reward is dispensed. If the subject does not touch the target key or touches an area that is not the
target key, no sound is made; the apparatus turns off and the trial ends. Each session consists of 7
trials. Each trial lasts for 30 seconds if no choice was made by the subject. There is a 5 second
break between each trial. The track will not move if no choice or an incorrect choice is made.
SMARTA is refilled after each session because it can only hold 7 food rewards.
SMARTA has a calibration mode where RGB values can be entered. The actual light
output of the tablet screen was first calibrated with a spectroradiometer (e.g. Photo Research
Spectrascan 670) to determine RGB values for the stimuli and then entered into the smartphone
remote control app. We calibrate our RGB values because the values will vary among different
electronic screens, for example across models and manufacturers. By calibrating the stimuli first,
we can control and standardize the RGB values that we want our subjects to see. This way, if
SMARTA were to use a different tablet than it currently uses, we could calibrate the screen and
control for the same wavelength and intensity output.
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We used the programming language Java to write SMARTA’s software, which is a pair
of Android applications (i.e. for tablet and smartphone). We created SMARTA as an Android
apparatus because Android electronics are cheaper to purchase, thus making SMARTA
inexpensive to build (about $700 as of 2016). An Arduino is used as a microcontroller to control
the conveyer belt. Bluetooth technology is used to pair SMARTA’s smartphone and tablet during
training and testings sessions so that both electronics can communicate with each other. This
provides an inexpensive remote control; any modern Android smartphone can be used. The
SMARTA smartphone remote control app uses Bluetooth radio technology to relay commands
from the smartphone to the tablet (e.g. changing between training modes, dispensing food
rewards, etc.). We use Google Drive, specifically Google Sheets to create the master spreadsheet
for data collection. When SMARTA logs data during training and testing sessions, these data are
sent to the master spreadsheet automatically via the internet without needing manual data entry.
If the phone has no internet connectivity during a training or testing session, it stores data in its
local storage. When the app is run next time, it checks for an internet connection and offers to
upload the data. In this way, SMARTA can be used even when there is no internet connection
available (e.g. in enclosures where wifi cannot reach).
We validated the efficiency, reliability, and consistency of SMARTA in our lab. An
Interobserver Reliability test was conducted at PMEL. We asked human observers (n=10) to
watch two videos of lemurs participating in test sessions and to record the data three times per
video (repeated test) to test for efficiency, reliability, and consistency. Observers were able to
record trial durations as efficient as SMARTA with only 1 second difference, however, they had
to pause the videos an average of 2 times to record data per session which makes manual data
entry taxing. Results from repeated test show that observers were inconsistent with how they
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score correct choice as opposed to SMARTA who has a preset “correct choice” logic in its
program.

Animal Training

Subjects were trained and shaped with positive reinforcement and operant conditioning to
use SMARTA (Figure 6). They are trained to approach SMARTA when the trial starts and to use
their hands to touch target keys. Multiple modes of interactive training appears from SMARTA
during training using the phone app. and the touchscreen (Figure 4). Each mode helps
approximate a subject to touch a red square and to learn that when given a choice, they should
always touch the red square. These modes teach the animals the logic of this two-choice
discrimination task.

EXPERIMENTAL DESIGN:

Training Phase

First, SMARTA was left in the enclosure and the subjects were allowed to explore and
investigate the testing apparatus. During this training phase, subjects were trained and shaped to
use SMARTA. Food reward (raisin or dried cranberries) are delivered manually via the phone
app. when the subject stations itself in front of SMARTA. This step is repeated a few times to
approximate the behavior so that the subject knows to station itself in front of SMARTA when it
enters the enclosure. Next, we shape the subject to pay attention to the touchscreen. Subjects
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were whistle trained at the DLC prior to this research so we used a whistle as a bridge between
desired behavior and food reward. Once the subjects are shaped to station in front of SMARTA
and to pay attention to the touchscreen, they are then shaped to touch the touchscreen using their
hands. If at any point they fail to progress to the next training step, we go back to the previous
training goals and try to shape them again to approximate the next step.
When the subject reliably stations itself in front of SMARTA and pay attention to the
touchscreen, a target key will appear on the screen (Figure 4 & Figure 6). At the beginning, the
target key is the same size as the screen and then it progressively gets smaller into the same size
as the testing target key. When the subject touches the target key, a food reward is dispensed. We
approximate this behavior to correctly shape the subject to touch the target key by slowly
increasing the criteria when they are positively reinforced. At first, we reinforce whenever the
subject touches any part of the screen. Slowly, we only reinforce when their hands are close to
the square. Ultimately, we only reinforce when their hands are only touching the inside of the
target square. Training phase ends when subjects reliably station in front of SMARTA and are
able to discriminate red when given a discrimination task. SMARTA will automatically records
the name of the subject, date and time of the trial, and training durations (Table 4).

Testing Phase

During the testing phase, all subjects should have learned the logic of the discrimination
task. There are two testing phases: Phase 1 and Phase 2. During Phase 1, subjects are given a
choice between red and gray while during Phase 2, subjects are given a choice between red and
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green. Subjects have to choose red for both phases. The positions of red and gray (or green)
squares are randomized by the computer and appear either on the left or right of the touchscreen
(Figure 7 & Figure 8).

Procedures

All animal handling was done by Duke Lemur Center staff. SMARTA is presented to the
subjects inside their enclosure and each individual is tested separately. Trial begins when the
subject enters the enclosure. SMARTA automatically records the name of the subject, date and
time of the trial, trial number, trial durations. RGB value and position of stimuli, and whether the
subject made a correct, incorrect, or timed out choice (Table 5). Subjects is also recorded using
the forward facing camera from the tablet when the trial begins until it ends, as well as with a
mini hands free action camera (Veho VCC-005-MUVI-NPNG MUVI HD) attached to the
enclosure. The number of days required during the training phase for each individual is
contingent to how well an individual learns. We found no evidence that sex or age were variables
in how fast a lemur can be trained to use SMARTA (Vagell et al., 2016). Instead, individuals
vary in their training time, between 2 to 5 months that span between 42 and 172 session (Vagell
et al., 2016). All subjects were trained and tested every day (Monday to Friday) unless they were
unwilling to participate.

RESULTS
Genetic Analyses
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Genetics results from PMEL using the HRMA protocol show that all female subjects (n =
3; Carme, Halley, and Kizzy) are trichromats and all male subjects (n = 2; Ravo and Rees) are
dichromats (Table 6; Figure 20). Prior to this study, the color vision phenotypes of these
individuals were unknown to me and was only revealed to me once I am doing data analyses.

Red and Gray Discrimination

Figure 9 shows the percentage of correctly choosing red from gray by individuals. We
found that all individuals, both trichromats and dichromats, correctly chose red at above chance
level (more than 50%) in all intensities of gray. We also graphed the percent correct of each
individual lemurs choosing red from gray as a function of testing days (Figure 18). The
percentage of correctly choosing red from different gray intensities by individuals and
phenotypes at increasing log10 intensities are shown on Figure 10 & Table 9.
We found no statistical significance (p > 0.05) when comparing the performance of
trichromats and dichromats to discriminate red from different gray intensities (Figure 13, Table 7
& Table 11). Comparing the mean percent correct discriminating red from gray by trichromats
and dichromats (Figure 11 & Table 11), both phenotypes correctly discriminated red from gray
at above chance level (more than 50%). Figure 12 & Table 11 compares the absolute mean
percent for both trichromats and dichromats discriminating between stimuli (red vs. gray).
Varecia spp. color vision phenotypes (trichromat vs. dichromat) do not differ in their
overall abilities to discriminate red from gray intensities (G2 = 0, p = 1, p > 0.05). We found no
statistical significance between trichromats and dichromats in their ability to discriminate red
from seven different gray intensities (Figure 13 & Table 7).
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Red and Green Discrimination

Figure 14 shows the percentage of correctly choosing red from green by individuals. We
found that all trichromats correctly chose red at above chance level (more than 50%) and all
dichromats chose red at around chance level (50%). We also graphed the percent correct of each
individual lemurs choosing red from green as a function of testing days (Figure 19). The
percentage of correctly choosing red from different green intensities by individuals and
phenotypes at increasing log10 intensities are shown on Figure 15 & Table 10.
There is a statistical significance between trichromats and dichromats in their ability to
discriminate red from different green intensities except at log10 of -0.3, where the ability of
trichromats and dichromats to discriminate red from green (G2 = 5.90, p = 0.052, p > 0.05) was
not statistically significant (Figure 13, Table 8 & Table 12). Comparing the mean percent correct
discriminating red from green by trichromats and dichromats (Figure 16 & Table 12), we found
that trichromats discriminated red from green at above chance level (more than 50%) but
dichromats discriminated red from green at chance level (50%). Figure 17 & Table 12 compares
the absolute mean percent for both trichromats and dichromats discriminating between stimuli
(red vs. green).
Varecia spp. color vision phenotypes (trichromat vs. dichromat) do, however, differ in
their ability overall to discriminate red from green intensities (G2 = 78.10, p = 0.00001). We
found a statistical significance between trichromats and dichromats in their ability to
discriminate red from seven different green intensities (Figure 13 & Table 8).
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DISCUSSIONS

As expected, all of our males are dichromats. We expected that at least one our females to
be a dichromat but instead, all of our female subjects are trichromats. We are currently working
to expand the sample size by training new lemurs, and we are hoping to include at least some
female dichromats in the study. While our results show that there are differences between
trichromats and dichromats abilities to discriminate red from green, adding dichromatic females
into the sample would prove that the results were not skewed by sex. Additional genetic analyses
(sequencing of the opsin genes) will be done in the future to determine the exact peaks of each
lemur’s cone pigments to additionally tease out whether these dichromats are protanopes or
deuteranopes.
All individuals were able to discriminate red from gray at all intensities (Figure 9) above
chance level based on their correct choices. This is in concordance with both trichromats and
dichromats being able to discriminate red (chromatic) from gray (achromatic) stimuli (Adams et
al., 1994). Not all individuals were able to discriminate red from green (Figure 14). All
trichromats (Carme, Halley, and Kizzy) discriminated red from green higher than chance but all
dichromats (Ravo and Rees) discriminated red from green at chance level. As predicted,
trichromats should be able to discriminate red from green while dichromats are discriminating
red from green at chance level (Clavadetscher et al., 1988).
For Phase 1 (Figure 18) and Phase 2 (Figure 19), we graphed each lemur’s performance
by day of testing. There is a positive trend for both Phase 1 (red vs. gray) and Phase 2 (red vs.
green), indicating that the lemurs learned the logic of the two-choice discrimination task. All
lemurs performed above chance (more than 50%) over time during Phase 1. With the exception
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of Rees, whose performance declined over time, all lemurs performed above chance (more than
50%) during Phase 2. SMARTA has a “Timed Out” option, in which it records whether a lemur
did not respond to the discrimination task, meaning they did not choose any stimuli for the
duration of a testing trial (30 seconds). If a lemur had “Timed Out” or discriminated incorrectly,
their percent correct (performance) would be low. As each lemur’s personalities vary, we
generally limit each subject to an average of 3 sessions per day. Some lemurs perform at the
same rate in multiple sessions while others start to decline after the second session.
However, if we look at different individuals discriminating red from different gray
intensities (Figure 10 & Table 9), Kizzy (48.39%) and Rees (49.02%) actually discriminated red
from gray log10 of 0.1 below chance level. This means, at gray log10 of 0.1, Kizzy and Rees chose
more green than red. We are unsure why Kizzy and Rees chose green more than red at that
intensity but running more trials would further elucidate whether this behavior is intentional or
because of a small sample (trial) size.
When compared between different green intensities (Figure 15 & Table 10), Carme and
Halley were able to discriminate red from green higher than chance for all green intensities.
Kizzy, Ravo, and Rees were unable to discriminate red from green higher than chance for some
of the green intensities. Although Kizzy is phenotypically trichromat, and her performance in a
few green intensities would suggest that she is behaving like a dichromat, this could be attributed
to individual personalities or the specific L/M pigment she has (Table 10). Sometimes Kizzy
would panic when she choose incorrectly in a trial. We noticed a frantic swiping behavior in
some lemurs when they incorrectly choose a stimulus (no food reward is dispensed). They
frantically swipe the touchscreen and oftentimes subsequent trials would be incorrect because
they swiped the incorrect stimulus. A larger sample size (more trials) would further elucidate
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whether this frantic behavior contributed to her strange data points. There is also a possibility
that while Kizzy is a trichromat, her L/M pigments could have been shifted and behaviorally sees
red and green like a dichromat. Additional analysis by sequencing Kizzy’s DNA would further
elucidate what the alleles of her L/M cones are.
Log10 of 0 is the human isoluminant point for the red (RGB value: 191, 0, 0) and green
(RGB value: 0, 125, 0) pair. When both stimuli are isoluminant, they have the same luminance
and can only be discriminated based on color (Teller & Lindsey, 1989; Lu et al., 1999; Abramov
& Gordon, 2006). While the chromatic difference is easy to distinguish by trichromats,
dichromats perceive this red/green pair as the same chroma (color) with the same intensity
(brightness). Thus, we expect all trichromats to not be impeded by the isoluminant point but
predicted that dichromats would be making a choice purely by chance. All of our trichromats
(Kizzy, Halley, and Carme) performed better than chance. Ravo’s performance at the
isoluminant point (40%) approaches chance level but Rees’s performance is an outlier (only at
9.52%). This means at that the isoluminant point, Rees was choosing green consistently over red.
Rees’s data is the complete inverse of what we had expected from a dichromat. Since Rees
cannot use intensity cues at the isoluminant point, he might be using chromatic cues. Another
possible explanation could be that since we are using human absorption curve to model the RGB
values, what Rees perceive as a ruffed lemur is not an isoluminant point but minute color and
intensity cues. However, it is still unclear why Rees would choose green over red as he is not
reinforced with a food reward from SMARTA when he chooses green.
Comparing the ability to discriminate red from seven different gray intensities by
phenotypes, both trichromats and dichromats were able to discriminate them higher than chance
(Figure 13, Table 7 & Table 11). The change in log10 intensities, ranging from -0.3 to 0.3 W/m2

Vagell 33

ster with increments of 0.1 W/m2 ster, did not impede dichromatic subjects from discriminating
red from gray. This is expected as both trichromats and dichromats were predicted to make
chromatic (red) discrimination against achromatic (gray) stimuli (Adams et al., 1994).
When comparing the ability to discriminate red from seven different green intensities
using G-test, trichromats were able to discriminate red higher than chance while dichromats
discriminated red at chance level (Figure 13, Table 8 & Table 12). Results were expected
because it is in concordance with dichromats unable to tell red and green apart due to the lack of
L-cones that are tuned to the long-wavelength, which enable the discrimination of red and green
(Bowmaker & Dartnall, 1980; Neitz & Neitz, 2000; Sharpe et al. 2001; Abramov & Gordon,
2006). Trichromats, however, possess L-cones and can discriminate between red and green
(Bowmaker & Dartnall, 1980; Clavadetscher et al., 1988; Abramov & Gordon, 2006).
The change in log10 intensities, ranging from -0.3 to 0.3 W/m2 ster with increments of 0.1
W/m2 ster, impeded dichromatic subjects from discriminating red from green. Specifically, the
isoluminant point log10 of 0 elicited a stark contrast between trichromats and dichromats in red
discrimination (Figure 15 & Table 12). As relative intensities increases, trichromats are still
discriminating red from different green intensities higher than chance. For dichromats however,
they are discriminating red from green at chance level. Log10 of 0 is the isoluminant point and
prove to be difficult for dichromats to discriminate. However, because of an outlier (Rees) and a
small sample size (n = 2), the mean percentage of correctly choosing red over green drastically
decreased to about 24%. Dichromats were guessing when choosing red from green at all the
intensities except at log10 of 0 where it seems like they were purposely choosing green over red.
However, when looking at individual performance (Table 10), Ravo was discriminating red from
green at chance (40%) while Rees is preferentially discriminating green from red above chance
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(9.52%). Therefore, clumping Ravo and Rees together in the dichromat category made this data
point an outlier. A larger dichromat sample size would further elucidate whether Varecia spp.
dichromats were purposely choosing green over red. While dichromats might not be able to
perceive chromatic difference between red and green, we expected the dichromats to use
brightness differences when making discrimination. Genetic analyses revealed that although
Ravo and Rees are both dichromats, Ravo is homozygous L and Rees is homozygous M (Figure
20). Therefore, the difference in performance by these two dichromats could have been due to
different spectral sensitivities.
Using absolute mean percent, we demonstrated that lemurs were making discrimination
between stimuli during testing in Phase 1 (red vs. gray) and Phase 2 (red vs. green). Both
trichromats and dichromats made discriminations above chance level (over 50%) when presented
with red and different gray intensities (Figure 12 & Table 11) as well as when presented with red
and different green intensities (Figure 17 & Table 12).
We use a G-test to predict the likelihood ratio of trichromats and dichromats successfully
making the correct outcome when given a two-choice discrimination task. When we compare the
percent correct between trichromats and dichromats, there was no statistically significant
difference (G2 = 0, p = 1, p > 0.05). for both phenotypes when discriminating red from gray
(Figure 13, Table 7) and that the likelihood of both phenotypes to correctly choose red is the
same. Thus, we can posit that Varecia spp. trichromats and dichromats are able to make
chromatic discrimination against an achromatic stimulus like humans (Adams et al., 1994).
These results support H1 in that Varecia spp. color vision phenotypes do not differ in their
abilities to discriminate red from gray. Just as we had predicted. both phenotypes can
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discriminate red from gray and do not rely on brightness cues to discriminate red from different
gray intensities
We found a statistically significant difference (G2 = 78.10, p = 0.00001, p < 0.001) for
trichromats and dichromats when discriminating red from green (Figure 13 & Table 8), that is,
trichromats were discriminating red at a different rate than dichromats. Thus, we can posit that
the results support H2 in that Varecia spp. color vision phenotypes differ in their abilities to
discriminate red from green. Trichromats were able to correctly choose red using color and
brightness cues while dichromats were probably not able to use brightness cues.
I am currently conducting the same ruffed lemur color vision study (Vagell, 2017), but
have corrected the RGB values and isoluminant point using ruffed lemur absorption curves
instead. There is a 9 nm shift for M opsin and 6 nm shift in L opsin. While the shifts are minute,
we approached this question using human absorption curve and then comparing it to the ruffed
lemur absorption curve to see if there are any significant changes in red discrimination caused by
these shifts.

CONCLUSIONS

Varecia spp. trichromats and dichromats do not differ in their ability to discriminate red
from different gray intensities (G2 = 0, p > 0.05). They do, however, differ in their ability to
discriminate red from different green intensities (G2 = 78.10, p < 0.001). As predicted,
trichromats were able to discriminate red from different green intensities while dichromats were
unable to. Particularly, at the human isoluminant point, one of the dichromats (Rees) chose green
preferentially over red. We are able to show the behavioral manifestation of trichromacy in
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Varecia spp. using SMARTA. However, a larger sample size and detailed genetic analyses
would further elucidate the behavioral manifestation of both trichromats and dichromats.

Vagell 37

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude and appreciation to everyone listed here for
making my thesis project possible. My advisers, Dr. Andrea Baden and Dr. Jim Gordon, for all
their tireless help in planning and executing this thesis project with me. My husband and
collaborator Vance Vagell for helping me design, building, debug, and improve SMARTA for
the past 2 years (and counting). Dr. Rachel Jacobs for her input and help with primate color
vision. Dr. Erin Ehmke for helping and managing my project at Duke Lemur Center (DLC), as
well as trusting me to present this thesis research at various DLC’s outreach opportunities. Meg
Dye for helping me train my ruffed lemurs. DLC research staff: Kay Welser, David Brewer, and
Erin Shaw. David Haring for taking amazing photos of my lemur research, as well as all the
DLC staff and volunteers for making my research with the lemurs possible. My team of research
assistants for helping with my data collection and making my thesis project possible: Stephanie
Tepper, Isabel Avery, Abigail Johnson, Christina Del Carpio, Cody Crenshaw, Janet Roberts,
Delaney Davis, David Betancourt, Adrienne Hewitt, Melaney Mayes, Sierra Cleveland, Miles
Todzo, Brandon Mannarino, Chelsea Southworth, Kristen Moore, Miranda Brauns, Samantha
McLendon, and Nicole Crane. Dr. Tara Clarke for being a gracious host and friend when I am in
Durham, NC. All my ruffed lemurs at DLC, without them this project is not possible. Thanks to
The DLC Director’s Fund, Hunter College Dean’s Office, Animal Behavior and Conservation
(ABC) Program, and Primate Molecular Ecology Lab for funding this thesis project. To my
lovely daughters Cloudy, Monkey, Serra, and Luna, who provided me with emotional support
while I complete this project. I dedicate this thesis to you.

Vagell 38

REFERENCES

Abramov, I., Gordon, J. (2006). Chapter 8: Development of Color Vision in Infants. In:
Duckman, R.H. editor. Visual Development, Diagnosis, and Treatment of the Pediatric
Patient. Philadelphia: Lippincott Williams & Wilkins. 143-170.

Adams, R.J., Courage, M.L., Mercer, M.E. (1994) Systematic Measurement of Human Neonatal
Color Vision. Vision Research, 34 (13), 1691-1701. doi:10.1016/0042-6989(94)90127-9

Adams, R.J., Maurer, D., Cashin, H.A. (1990) The Influence of Stimulus Size on Newborns'
Discrimination of Chromatic From Achromatic Stimuli. Vision Research, 30 (12),
2023-2030. doi:10.1016/0042-6989(90)90018-g

Allen, G. (1879). The Colour Sense: It Origin and Development. London, UK: Trubner & Co.

Araújo, A.C., Didonet, J.J., Araújo, C.S., Saletti, P.G., Borges, T.R.J., Pessoa, V.F. (2008). Color
vision in the black howler monkey (Alouatta caraya). Visual Neuroscience, 25, 243-248.
doi:10.1017/s0952523808080292

Baden, A.L., Brenneman, R.A., Louis Jr., E.E. (2008). Morphometrics of wild black-and-white
ruffed lemurs [Varecia variegata; Kerr, 1792]. American Journal of Primatology, 70(10),
913-926. doi:10.1002/ajp.20583

Vagell 39

Balko, E.A. (1998). The behavioral plasticity of Varecia variegata in Ranomafana National
Park, Madagascar (Unpublished doctoral dissertation). SUNY-College of Environmental
Science and Forestry, Syracuse.

Bennett, A. T., Cuthill, I. C., Partridge, J. C., & Maier, E. J. (1996). Ultraviolet vision and mate
choice in zebra finches. Nature, 380(6573), 433-435. doi:10.1038/380433a0

Bowmaker, J.K. (1998). Evolution of colour vision in vertebrates. Eye, 12, 541-547.
doi:10.1038/eye.1998.143

Bowmaker J.K. and Dartnall H.J.A.(1980). Visual pigments of rods and cones in a human retina.
Journal of Physiology, 298, 501-511. doi:10.1113/jphysiol.1980.sp013097

Bowmaker, J.K., Dartnall, H.J.A., Mollon, J.D. (1980). Micro-spectrophotometric demonstration
of 4 classes of photoreceptor in an Old World primate, Macaca fascicularis. Journal of
Physiology, 298, 131-143. doi:10.1113/jphysiol.1980.sp013071

Bowmaker, J.K. (1990). Cone visual pigments in monkeys and humans, In Advances of
photoreception (ed. Committee on Vision). Washington DC: National Academy Press.

Bowmaker, J.K., Astell, S., Hunt, D.M., Mollon, J.D. (1991). Photosensitive and photostable
pigments in the retinae of Old World monkeys. Journal of Experimental Biology, 156,
1-19.

Vagell 40

Bradley, B.J., MacFie, T., Lawler, R., Morelli, T.L., Baden, A., Kappeler, P.M., Louis, E.E.,
Pastorini, J., Sauther, M., Wright, P.C., Mundy, N.I. (2009). Eye of the beholder:
Variable color vision in wild lemur populations. American Journal of Physical
Anthropology, 48, 96-97.

Britt, A. (2000). Diet and feeding behaviour of the black-and-white ruffed lemur (Varecia
variegata variegata) in the Betampona reserve, eastern Madagascar. Folia
Primatologica, 71(3), 133-141. doi:10.1159/000021741

Britt, A., Welch, C., Katz, A. (2001). The impact of Cryptoprocta ferox on the Varecia v.
variegata reinforcement project at Betampona. Lemur News, 6, 35-37.

Cartmill, M. (1972). Arboreal adaptations and the origin of the order Primates. In: Tuttle R (ed)
The functional and evolutionary biology of primates. Chicago, IL: Aldine‐ Atherton.

Cartmill, M. (1974). Rethinking primate origins. Science, 184, 436-443.
doi:10.1126/science.184.4135.436

Cartmill, M. (1992). New views on primate origins. Evolutionary Anthropology, 1, 105-111.
doi:10.1002/evan.1360010308

Clavadetscher, J.E., Brown, A.M., Ankrum, C. Teller, D.Y. (1988). Spectral Sensitivity &

Vagell 41

chromatic discrimination in 3 and 7 week old human infants. Journal of the Optical
Society of America A, 5, 2093-2105. doi:10.1364/josaa.5.002093

Dacey, D.M. (2000). Parallel pathways for spectral coding in primate retina. Annual Review of
Neuroscience, 23, 743-775. doi:10.1146/annurev.neuro.23.1.743

Dartnall, H. J., Bowmaker, J. K., & Mollon, J. D. (1983). Human Visual Pigments:
Microspectrophotometric Results from the Eyes of Seven Persons. Proceedings of the
Royal Society B: Biological Sciences, 220(1218), 115-130. doi:10.1098/rspb.1983.0091

de Araújo, M.F.P., Lima, E.M., Pessoa, V.F. (2006). Modeling dichromatic and trichromatic
sensitivity to the color properties of fruits eaten by squirrel monkeys (Saimiri sciureus).
American Journal of Primatology, 68, 1129-1137. doi:10.1002/ajp.20312

Deeb, S. S., Jorgensen, A. L., Battisti, L., Iwasaki, L., & Motulsky, A. G. (1994). Sequence
divergence of the red and green visual pigments in great apes and humans. Proceedings of
the National Academy of Sciences, 91(15), 7262-7266. doi:10.1073/pnas.91.15.7262

Deegan, J. F., & Jacobs, G. H. (1996). Spectral sensitivity and photopigments of a nocturnal
prosimian, the bushbaby (Otolemur crassicaudatus). American Journal of Primatology,
40(1), 55-66. doi:10.1002/(sici)1098-2345(1996)40:13.3.co;2-p

Deegan, J. F., & Jacobs, G. H. (2001). Spectral Sensitivity of Gibbons: Implications for
Photopigments and Color Vision. Folia Primatologica, 72(1), 26-29.

Vagell 42

doi:10.1159/000049915

Valois, R. L. (1960). Color Vision Mechanisms in the Monkey. The Journal of General
Physiology, 43(6), 115-128. doi:10.1085/jgp.43.6.115

De Valois, R.L., Morgan, H.C., Polson, M.C., Mead, W.R., Hull, E.M. (1974). Psychophysical
studies of monkey vision: I. Macaque luminosity and color vision tests. Vision Research,
14, 53-67. doi:10.1016/0042-6989(74)90116-3

Dominy, N.J., Lucas, P.W. (2001). Ecological importance of trichromatic vision to primates.
Nature, 410, 363-366. doi:10.1038/35066567

Dulai, K. S., Bowmaker, J. K., Mollon, J. D., & Hunt, D. M. (1994). Sequence divergence,
polymorphism and evolution of the middle-wave and long-wave visual pigment genes of
great apes and old world monkeys. Vision Research, 34(19), 2483-2491.
doi:10.1016/0042-6989(94)90233-x

Dulai, K.S., von Dornum, M., Mollon, J.D., Hunt, D.M. (1999). The evolution of trichromatic
color vision by opsin gene duplication in New World and Old World primates. Genome
Research, 9, 629-638. doi:10.1101/gr.9.7.629

Erhart, E.M., Grassi, C. (2009). Temporal variation in diet in three strepsirhine species in
southeastern Madagascar. American Journal of Physical Anthropology, 138(48),

Vagell 43

125–126.

Fleagle, J.G. (1999). Primate Adaptation and Evolution. San Diego, CA: Academic Press.

Foerg, R. (1982). Reproductive behavior in Varecia variegata. Folia Primatologica,
38(1-2), 108-121.

Gebo, D.L. (1987). Locomotor diversity in prosimian primates. American Journal of
Primatology, 13(3), 271-81. doi:10.1002/ajp.1350130305

Gomes, U.R., Pessoa, D.M.A., Tomaz, C., Pessoa, V.F. (2002), Color vision perception in the
capuchin monkey (Cebus apella): a re-evaluation of procedures using Munsell papers.
Behavioural Brain Research, 129, 153-157. doi:10.1016/s0166-4328(01)00335-7

Gron, K.J. (2007, August 17). Primate Factsheets: Ruffed lemur (Varecia). Retrieved from
http://pin.primate.wisc.edu/factsheets/entry/ruffed_lemur/taxon

Groves, C. (2001). Primate taxonomy. Washington, DC: Smithsonian Institution Press.

Hanazawa, A., Mikami, A., Angelika, P.S., Takenaka, O., Goto, S.J., Onishi, A., Koike, S.,
Yamamori, T., Kato, K., Kondo, A., Suryobroto, B., Farajallah, A., Komatsu, H. (2001).
Electroretinogram analysis of relative spectral sensitivity in genetically identified
dichromatic macaques. Proceedings of the National Academy of Sciences of the United

Vagell 44

States of America, 98, 8124-8127. doi:10.1073/pnas.141236598

Heesy, C.P., Ross, C.F. (2001). Evolution of activity patterns and chromatic vision in primates:
morphometrics, genetics and cladistics. Journal of Human Evolution, 40, 111-149.
doi:10.1006/jhev.2000.0447

Hunt, D. M., Williams, A. J., Bowmaker, J. K., & Mollon, J. D. (1993). Structure and evolution
of the polymorphic photopigment gene of the marmoset. Vision Research, 33(2), 147154. doi:10.1016/0042-6989(93)90153-n

Jacobs, G.H. (1981). Comparative Color Vision. New York, NY: Academic Press.

Jacobs, G.H. (1984). Within-species variations in visual capacity among squirrel monkeys
(Saimiri sciureus) color vision. Vision Research, 24, 1267-1277.
doi:10.1016/0042-6989(84)90181-0

Jacobs, G.H. (1993). The distribution and nature of color vision among the mammals. Biological
Reviews of the Cambridge Philosophical Society, 68, 413-471.
doi:10.1111/j.1469-185x.1993.tb00738.x

Jacobs, G.H. (1995). Variations in primate color vision: mechanisms and utility. Evolutionary
Anthropology, 3, 196-205.

Jacobs, G.H. (1998). A perspective on color vision in platyrrhine monkeys. Vision Research, 38,

Vagell 45

3307-3313.

Jacobs, G.H. (2004). Comparative Color Vision. In: Chalupa, L. M., Werner, J. S. editors. The
Visual Neurosciences (Vol. 2) Cambridge, MA: MIT Press.

Jacobs, G.H. (2008). Primate color vision: A comparative perspective. Visual Neuroscience, 25,
619-633.

Jacobs, G.H., Blakeslee, B. (1984). Individual variations in color-vision among squirrel-monkeys
(Saimiri-sciureus) of different geographical origins. Journal of Comparative Psychology,
98, 347-357.

Jacobs, G.H., Deegan, J.F. (2003). Photopigment polymorphism in prosimians and the origins of
primate trichromacy. In: Mollon, J.D., Pokorny, J., Knoblauch, K. (eds), Normal and
Defective Colour Vision. Oxford, UK: Oxford University Press.

Jacobs, G. H., & Deegan, J. F. (2001, 04). Photopigments and colour vision in New World
monkeys from the family Atelidae. Proceedings of the Royal Society B: Biological
Sciences, 268(1468), 695-702. doi:10.1098/rspb.2000.1421

Jacobs, G.H., Deegan, J.F. (1999a). Uniformity of colour vision in Old World monkeys.
Proceedings of the Royal Society of London B: Biological Sciences, 266 (1432),
2023-2028.

Vagell 46

Jacobs, G. H., & Deegan, J. F. (1999b). Five distinct M/L photopigments in a New World
monkey. In INVESTIGATIVE OPHTHALMOLOGY & VISUAL SCIENCE, 40(4),
S981-S981). 9650 ROCKVILLE PIKE, BETHESDA, MD 20814-3998 USA: ASSOC
RESEARCH VISION OPHTHALMOLOGY INC.

Jacobs, G. H., & Deegan, J. F. (1993). Photopigments underlying color vision in ringtail lemurs
(Lemur catta) and brown lemurs (Eulemur fulvus). American Journal of Primatology, -(3),
243-256. doi:10.1002/ajp.1350300307

Jacobs, G., & Deegan, J. (1992). Cone photopigments in nocturnal and diurnal procyonids.
Journal of Comparative Physiology A, 171(3). doi:10.1007/bf00223965

Jacobs, G. H., Deegan, J. F., & Moran, J. L. (1996). ERG Measurements of the Spectral
Sensitivity of Common Chimpanzee (Pan troglodytes). Vision Research, 36(16), 25872594. doi:10.1016/0042-6989(95)00335-5

Jacobs, G. H., Deegan, J. F., Neitz, J., Crognale, M. A., & Neitz, M. (1993, 09). Photopigments
and color vision in the nocturnal monkey, Aotus. Vision Research, 33(13), 1773-1783.
doi:10.1016/0042-6989(93)90168-v

Jacobs, G.H., Deegan, J.F., Neitz, M., Neitz, J. (1996a). Presence of routine trichromatic color
vision in new world monkeys. Investigative Ophthalmology & Visual Science, 37(346),

Vagell 47

1589-1589.

Jacobs, G.H., Deegan, J.F., Tan, Y., Li, W.H. (2002). Opsin gene and photopigment
polymorphism in a prosimian primate. Vision Research, 42(1), 11-18.

Jacobs, R. L., Macfie, T. S., Spriggs, A. N., Baden, A. L., Morelli, T. L., Irwin, M. T., . . .
Bradley, B. J. (2017). Novel opsin gene variation in large-bodied, diurnal lemurs. Biology
Letters, 13(3), 20170050. doi:10.1098/rsbl.2017.0050

Jacobs, G. H., & Neitz, J. (1987). Polymorphism of the middle wavelength cone in two species
of south american monkey: Cebus apella and callicebus moloch. Vision Research, 27(8),
1263-1268. doi:10.1016/0042-6989(87)90202-1

Jacobs, G.H., Neitz, J., Crognale, M. (1987). Color-vision polymorphism and its photopigment
basis in a callitrichid monkey (Saguinus fuscicollis). Vision Research, 27(12), 2089-2100.

Jacobs, G. H., Deegan, J. F., Crognale, M. A., & Fenwick, J. A. (1993). Photopigments of dogs
and foxes and their implications for canid vision. Visual Neuroscience, 10(01), 173.
doi:10.1017/s0952523800003291

Jacobs, G.H., Neitz, M., Deegan, J.F., Neitz, J. (1996b). Trichromatic Color Vision in New
World Monkeys. Nature, 382(6587), 156-158.

Jacobs, G. H., Neitz, J., & Neitz, M. (1993). Genetic basis of polymorphism in the color
Vagell 48

vision of platyrrhine monkeys. Vision Research, 33(3), 269-274. doi:10.1016/00426989(93)90083-9

Jacobs, G.H., Neitz, M., Neitz, J. (1996c). Mutations in S-cone pigment genes and the absence of
colour vision in two species of nocturnal primate. Proceedings of the Royal Society of
London, Series B, Biological Sciences, 263, 705-710.

Jacobs, R. L., Spriggs, A. N., MacFie, T. S., Baden, A. L., Irwin, M. T., Wright, P. C. et al.
(2016). Primate genotyping via high resolution melt analysis: rapid and reliable
identification of color vision status in wild lemurs. Primates, 57(4), 541-547.

Kainz, P.M., Neitz, J., Neitz, M. (1998). Recent evolution of uniform trichromacy in a New
World monkey. Vision Research, 38(21), 3315-3320.

Kappeler, P.M. (1991). Patterns of sexual dimorphism in body weight among prosimian
primates. Folia Primatologica, 57(3), 132-146.

Karpanty, S.M. (2006). Direct and indirect impacts of raptor predation on lemurs in southeastern
Madagascar. International Journal of Primatology, 27(1), 239-261.

Karpanty, S.M., Grella, R. (2001). Lemur responses to diurnal raptor calls in Ranomafana
national park, Madagascar. Folia Primatologica, 72(2), 100-103.

Vagell 49

Kaufman, R. (1991). Female dominance in semifree-ranging black-and-white ruffed lemurs,
Varecia variegata variegata. Folia Primatologica, 57(1), 39-41.

Kawamura, S. (2016). Color vision diversity and significance in primates inferred from genetic
and field studies. Genes & Genomics, 38(9), 779-791. doi:10.1007/s13258-016-0448-9

Kawamura, S., Hirai, M., Takenaka, O., Radlwimmer, F., & Yokoyama, S. (2001). Genomic and
spectral analyses of long to middle wavelength-sensitive visual pigments of common
marmoset (Callithrix jacchus). Gene, 269(1-2), 45-51.
doi:10.1016/s0378-1119(01)00454-1

Kawamura, S., & Kubotera, N. (2004). Ancestral Loss of Short Wave-Sensitive Cone Visual
Pigment in Lorisiform Prosimians, Contrasting with Its Strict Conservation in Other
Prosimians. Journal of Molecular Evolution, 58(3), 314-321. doi:10.1007/s00239-0032553-z

Kelber, A., Roth, L.S.V. (2006). Nocturnal colour vision - not as rare as we might think. Journal
of Experimental Biology, 209, 781-788.

Kelber, A., Vorobyev, M., Osorio, D. (2003). Animal colour vision - behavioural tests and
physiological concepts. Biological Reviews, 78(1), 81-118.

Koshitaka, H., Kinoshita, M., Vorobyev, M., & Arikawa, K. (2008, 04). Tetrachromacy in a

Vagell 50

butterfly that has eight varieties of spectral receptors. Proceedings of the Royal Society B:
Biological Sciences, 275(1637), 947-954. doi:10.1098/rspb.2007.1614

Kress, J. W., Schatz, G. E., Andrianifahanana, M., Morland, H. S. (1994). Pollination of
Ravenala madagascariensis (Strelitziaceae) by Lemurs in Madagascar: Evidence for an
Archaic Coevolutionary System? American Journal of Botany, 81(5), 542-551.

Le Gros Clark, W.E. (1959). The antecedents of Man. Chicago, IL: Quadrangle Books.

Leonhardt, S.D., Tung, J., Camden, J.B., Leal, M., Drea, C.M. (2009). Seeing red: behavioral
evidence of trichromatic color vision in strepsirrhine primates. Behavioral Ecology,
20(1), 1-12.

Levenson, D. H., Fernandez-Duque, E., Evans, S., & Jacobs, G. H. (2007). Mutational changes
in S-cone opsin genes common to both nocturnal and cathemeral Aotus monkeys.
American Journal of Primatology, 69(7), 757-765. doi:10.1002/ajp.20402

Lindsay, N.B.D., Simons, H.J. (1986). Notes on Varecia in the northern limits of its range. The
Dodo, Journal of the Jersey Wildlife Preservation Trust, 23, 19-24.

Mancuso, K., Hauswirth, W. W., Li, Q., Connor, T. B., Kuchenbecker, J. A., Mauck, M. C., . . .
Neitz, M. (2009). Gene therapy for red–green colour blindness in adult primates. Nature,
461(7265), 784-787. doi:10.1038/nature08401

Vagell 51

Melin, A.D., Fedigan, L.M., Hiramatsu, C., Sendall, C.L., Kawamura, S. (2007). Effects of
colour vision phenotype on insect capture by a free-ranging population of white-faced
capuchins, Cebus capucinus. Animal Behaviour, 73(1), 205-214.

Melin, A.D., Fedigan, L.M., Hiramatsu, C., Kawamura, S. (2008). Polymorphic color vision in
white-faced capuchins (Cebus capucinus): Is there foraging niche divergence among
phenotypes? Behavioral Ecology and Sociobiology, 62(5), 659-670.

Meyer, C., Gallo, T., Schultz, S.T. (1999). Female dominance in captive red ruffed lemurs,
Varecia variegata rubra (primates, lemuridae). Folia Primatologica, 70(6), 358-361.

Mittermeier, R.A., Konstant, W.R., Hawkins, F., Louis, E.E., Langrand, O., Ratsimbazafy, J.,
Rasoloarison, R., Ganzhorn, J.U., Rajaobelina, S., Tattersall, I., Meyers, D. (2006).
Lemurs of Madagascar. Washington, DC: Conservation International.

Mollon, J.D. (1989). “Tho’ she kneel’d in that place where they grew ...” The uses and origins of
primate colour vision. Journal of Experimental Biology, 146, 21-38.

Mollon, J.D., Bowmaker, J.K., Jacobs, G.H. (1984). Variations of color-vision in a New World
primate can be explained by polymorphism of retinal photopigments. Proceedings of the
Royal Society of London, Series B, Biological Sciences, 222 (1228), 373-399.

Vagell 52

Morland, H.S. (1991a). Preliminary report on the social organization of ruffed lemurs (Varecia
variegata variegata) in a northeast Madagascar rain forest. Folia Primatologica,
56(3), 157-161.

Morland, H.S. (1991b). Social organization and ecology of black and white ruffed lemurs
(Varecia variegata variegata) in lowland rain forest, Nosy Mangabe, Madagascar. PhD
dissertation, Yale University.

Nathans, J. (1999). The evolution and physiology of human color vision: insights from molecular
genetic studies of visual pigments. Neuron, 24(2), 299-312.

Nathans, J., Thomas, D., Hogness, D.S. (1986). Molecular genetics of human color vision - the
genes encoding blue, green, and red pigments. Science, 232(4747), 193-202.

Neitz, M., Neitz, J. (2000). Molecular Genetics of Human Color Vision and Color Vision
Defects. Archives of Ophthalmology, 118(5),691-700.

Neitz, J., Geist, T., & Jacobs, G. H. (1989). Color vision in the dog. Visual Neuroscience, 3(02),
119-125. doi:10.1017/s0952523800004430

Neumeyer, C., & Arnold, K. (1989). Tetrachromatic color vision in the goldfish becomes
trichromatic under white adaptation light of moderate intensity. Vision Research, 29(12),
1719-1727. doi:10.1016/0042-6989(89)90154-5

Vagell 53

Osorio, D., Vorobyev, M. (1996). Colour vision as an adaptation to frugivory in primates.
Proceedings of the Royal Society of London, Series B, Biological Sciences, 263(1370),
593-599.

Overdorff, D.J., Erhart, E.M., Mutschler, T. (2005). Does female dominance facilitate feeding
priority in black-and-white ruffed lemurs (Varecia variegata) in southeastern
Madagascar? American Journal of Primatology, 66(1), 7-22.

Peichl, L., Behrmann, G., & Kröger, R. H. (2001). For whales and seals the ocean is not blue: A
visual pigment loss in marine mammals*. European Journal of Neuroscience, 13(8),
1520-1528. doi:10.1046/j.0953-816x.2001.01533.x

Pereira, M.E., Seeligson, M.L., Macedonia, J.M. (1988). The behavioral repertoire of the
black-and-white ruffed lemur, Varecia variegata variegata (Primates: Lemuridae). Folia
Primatologica, 51(1), 1-32.

Perry, G.H., Martin, R.D., Verrelli, B.C. (2007). Signatures of functional constraint at aye-aye
opsin genes: the potential of adaptive color vision in a nocturnal primate. Molecular
Biology and Evolution, 24(9), 1963-1970.

Pessoa, D.M.A., Araújo, M.F.P., Tomaz, C., Pessoa, V.F. (2003). Colour discrimination learning
in black-handed tamarin (Saguinus midas niger). Primates, 44(4), 413-418.

Vagell 54

Pessoa, D.M.A., Maia, R. Ajuz, R.C.D.A., de Moraes, P.Z.P.M.R., Spyrides, M.H.C., Pessoa,
V.F. (2014). The Adaptive Value of Primate Color Vision for Predator Detection.
American Journal of Primatology, 76(8), 721-729.

Pessoa, D.M.A., Perini, E.S., Carvalho, L.S., Tomaz, C., Pessoa, V.F. (2005a). Color vision in
Leontopithecus chrysomelas: a behavioral study. International Journal of Primatology,
26(1), 147-158.

Pessoa, D.M.A., Tomaz, C., Pessoa, V.F. (2005b). Color vision in marmosets and tamarins:
behavioral evidence. American Journal of Primatology, 67(4), 487-495.

Porton, I. (1989). International studbook for the ruffed lemur Varecia variegata. St. Louis, MO:
St. Louis Zoological Park.

Prado, C.C., Pessoa, D.M.A., Sousa, F.L.L., Pessoa, V.F. (2008). Behavioural evidence of
sex-linked colour vision polymorphism in the squirrel monkey Saimiri ustus. Folia
Primatologica, 79, 172-184.

Raps, S., White, F.J. (1995). Female social dominance in semi-free-ranging ruffed lemurs
(Varecia variegata). Folia Primatologica, 65(3), 163-168.

Rasmussen, D.T. (1990). Primate origins: lessons from a neotropical marsupial. American
Journal of Primatology, 22(4), 263–277.

Vagell 55

Regan, B.C., Julliot, C., Simmen, B., Vienot, F., Charles-Dominique, P., Mollon, J.D. (2001).
Fruits, foliage and the evolution of primate colour vision. Philosophical Transactions of
the Royal Society of London, Series B, Biological Sciences, 356(1407), 229-283.

Rushmore, J., Leonhardt. S.D., Drea, C.M. (2012). Sight or Scent: Lemur Sensory Reliance in
Detecting Food Quality Varies with Feeding Ecology. PLoS ONE , 7(8), e41558.
doi:10.1371/journal.pone.0041558

Sharpe, L.T., Stockman, A., Jagle, H., Nathans, J. (2001). Opsin Genes, Cone Photopigments,
Color Vision, and Color Blindness. In: Gegenfurtner K.R., Sharpe, L.T. editors. Color
Vision: From Genes to Perception Cambridge, MA: Cambridge University Press.

Shyue, S., Boissinot, S., Schneider, H., Sampaio, I., Schneider, M. P., Abee, C., . . . Li, W.
(1998). Molecular Genetics of Spectral Tuning in New World Monkey Color Vision.
Journal of Molecular Evolution, 46(6), 697-702. doi:10.1007/pl00006350

Silcox, M.T., Sargis, E.J., Bloch, J.I., Boyer, D.M. (2007). Primate Origins and Supraordinal
Relationships: Morphological Evidence. In: Henke, W., Tattersall, I. Editors. Handbook
of Paleoanthropology, New York, NY: Springer Berlin Heidelberg.

Smith, A.C., Buchanan-Smith, H.M., Surridge, A.K., Osorio, D., Mundy, N.I. (2003). The effect
of colour vision status on the detection and selection of fruits by tamarins (Saguinus

Vagell 56

spp.). Journal of Experimental Biology, 206(18), 3159-3165.

Stevens, M., Stoddard, M.C, Higham, J.P. (2009). Studying primate color: towards visual
system dependent methods. International Journal of Primatology, 30(6), 893-917.

Sumner, P., Mollon, J.D. (2000a). Catarrhine photopigments are optimized for detecting targets
against a foliage background. Journal of Experimental Biology, 203(13), 1963-1986.

Sumner, P., Mollon, J.D. (2000b). Chromaticity as a signal of ripeness in fruits taken by
primates. Journal of Experimental Biology, 203, 1987-2000.

Surridge, A. K., & Mundy, N. I. (2002). Trans-specific evolution of opsin alleles and the
maintenance of trichromatic colour vision in Callitrichine primates. Molecular Ecology,
11(10), 2157-2169. doi:10.1046/j.1365-294x.2002.01597.x

Surridge, A.K., Osorio, D., Mundy, N.I. (2003). Evolution and selection of trichromatic vision in
primates. Trends in Ecology & Evolution, 18(4), 198-205.

Sussman, R.W. (1991). Primate origins and the evolution of angiosperms. American Journal of
Primatology, 23(4), 209–223.

Sussman, R.W., Raven, R.H. (1978). Pollination of flowering plants by lemurs and marsupials: a
surviving archaic coevolutionary system. Science, 200(4343), 731–736.

Vagell 57

Talebi, M.G., Pope, T.R., Vogel, E.R., Neitz, M., Dominy, N.J. (2006). Polymorphism of visual
pigment genes in the muriqui (Primates, Atelidae). Molecular Ecology, 15(2), 551-558.

Tan, Y., Li, W.H. (1999). Vision: Trichromatic vision in prosimians. Nature, 402(36).
doi:10.1038/46947

Tan, Y., Yoder, A.D., Yamashita, N., Li, W.H. (2005). Evidence from opsin genes rejects
nocturnality in ancestral primates. Proceedings of the National Academy of Sciences of
the United States of America, 102(41), 14712-14716.

Teller, D.Y., Lindsey, D.T. (1989). Motion nulls for white vs. isochromatic gratings in infants
and adults. Journal of the Optical Society of America A, 6(12), 1945-1954.

Tovee, M.J. (1994). The molecular genetics and evolution of primate color vision. Trends in
Neurosciences, 17(1), 30-37.

Tovee, M.J., Bowmaker, J.K., Mollon, J.D. (1992). The relationship between cone pigments and
behavioral sensitivity in a New-World monkey (Callithrix-jacchus-jacchus). Vision
Research, 32(5), 867-878.

Vagell, R., Vagell V.J., Tepper, S.T., Avery, I.M., Jacobs, R.L., Gordon, J., Baden, A.L.
(2016). Novel Skill Acquisition in Ruffed Lemurs (Varecia spp.): Preliminary Data from

Vagell 58

SMARTA Color Vision Study at Duke Lemur Center. Joint meeting of the International
Primatological Society and the American Society of Primatologists, Chicago, IL.

Vagell, R., Vagell V.J., Jacobs, R.L., Gordon, J., Baden, A L. (2017). Subject-Mediated
Automatic Remote Testing Apparatus (SMARTA): an automated approach to streamline
data collection and eliminate observer bias in a captive experimental context. Manuscript
in preparation.

Vagell, R. (2017). [Testing ruffed lemur color vision with SMARTA]. Unpublished raw data.

Vasey, N. (1997). Community ecology and behavior of Varecia variegata rubra and Lemur
fulvus albifrons on the Masoala peninsula, Madagascar (Unpublished doctoral
dissertation). Washington University, St. Louis.

Vasey, N. (2000). Niche separation in Varecia variegata rubra and Eulemur fulvus albifrons:
I.Interspecific patterns. American Journal of Physical Anthropology, 112(3), 411-431.

Vasey, N. (2002). Niche separation in Varecia variegata rubra and Eulemur fulvus albifrons:
II.intraspecific patterns. American Journal of Physical Anthropology, 118(2), 169-183.

Vasey, N. (2003). Varecia, ruffed lemurs. In: Goodman SM, Benstead JP, editors. The natural
history of Madagascar. Chicago, IL: University of Chicago Press.

Vagell 59

Vasey, N. (2006). Impact of seasonality and reproduction on social structure, ranging patterns,
and fission-fusion social organization in red ruffed lemurs. In: Gould, L., Sauther, M.L.,
editors. Lemurs: ecology and adaptation. New York, NY: Springer.

Vasey, N. (2007). The breeding system of wild red ruffed lemurs (Varecia rubra): a preliminary
report. Primates, 48(1), 41-54.

Veilleux, C.C., Bolnick, D.A. (2009). Opsin gene polymorphism predicts trichromacy in a
cathemeral lemur. American Journal of Primatology, 71(1), 86-90.

Veilleux, C. C., Jacobs, R. L., Cummings, M. E., Louis, E. E., & Bolnick, D. A. (2014). Opsin
Genes and Visual Ecology in a Nocturnal Folivorous Lemur. International Journal of
Primatology, 35(1), 88-107. doi:10.1007/s10764-013-9708-6

Veilleux, C. C., Louis, E. E., & Bolnick, D. A. (2013). Nocturnal Light Environments Influence
Color Vision and Signatures of Selection on the OPN1SW Opsin Gene in Nocturnal
Lemurs. Molecular Biology and Evolution, 30(6), 1420-1437.
doi:10.1093/molbev/mst058

Walls, G.L. (1942). The Vertebrate Eye and its Adaptive Radiation. Bloomfield Hills, MI:
Cranbrook Institute of Science.

Wang, D.Y., Oakley, T., Mower, J., Shimmin, L.C., Yim, S., Honeycutt, R.L., Tsao, H., Li,

Vagell 60

W.H. (2004). Molecular evolution of bat color vision genes. Molecular Biology and
Evolution, 21(2), 295-302.

Weigler, B.J., Feeser, P.L., Grant, S.M., Norris, C.A. (1994). Epidemiologic assessment of
reproductive success and infant mortality in ruffed lemurs (Varecia variegata). Zoo
Biology, 13(6), 527-36.

White, F.J. (1989). Diet, ranging behavior and social organisation of the black-and-white ruffed
lemur, Varecia variegata variegata, in southern Madagascar. American Journal of
Physical Anthropology, 78(2), 23.

White, F.J. (1991). Social organization, feeding ecology, and reproductive strategy of ruffed
lemurs, Varecia variegata. In: Ehara, A., Kimura, T., Takenaka, O., Iwamoto, M.,
editors. Primatology today: proceedings of the XIIIth congress of the international
primatological society, Nagoya and Kyoto, 18-24 July 1990. New York, NY: Elsevier.

Wright, P.C., Tecot, S.R., Erhart, E.M., Baden, A.L., King, S.J., Grassi, C. (2011). Frugivory
in Four Sympatric Lemurs: Implications for the Future of Madagascar’s Forests.
American Journal of Primatology, 73(6), 585–602.

Wyszecki, G.,Stiles, W.S. (1982). Colour Science: Concepts and Methods, Quantitative Data
and Formulae (2nd ed.). New York, NY: Wiley Series in Pure and Applied Optics.

Vagell 61

Young, T. (1802). Bakerian Lecture: On the Theory of Light and Colours. Philosophical
Transactions of The Royal Society of London, 92, 12-48.

Zhou, Y., Hewett-Emmett, D., Ward, J. P., & Li, W. (1997). Unexpected Conservation of the XLinked Color Vision Gene in Nocturnal Prosimians: Evidence from Two Bush Babies.
Journal of Molecular Evolution, 45(6), 610-618. doi:10.1007/pl00006265

Vagell 62

APPENDICES
Family

Genus

Vision

Eulemur

Dichromats (Kawamura & Kubotera, 2004; Tan & Li,
1999; Jacobs & Deegan, 1993)

Lemur

Dichromats (Tan & Li, 1999; Jacobs & Deegan, 1993)

Hapalemur

Dichromats (Tan & Li, 1999)

Varecia

Polymorphic Trichromats (Tan & Li, 1999)

Propithecus

Polymorphic Trichromats (Tan & Li, 1999; Jacobs et
al., 2002; Jacobs et al., 2017)

Indri

Polymorphic Trichromats (Jacobs et al., 2017)

Avahi

Dichromats (Veilleux et al., 2014; Jacobs et al., 2017)

Microcebus

Dichromats (Tan & Li, 1999)

Cheirogaleus

Dichromats (Tan & Li, 1999)

Phaner

Dichromats (Veilleux et al., 2013)

Allocebus

Dichromats (Veilleux et al., 2013)

Daubentoniidae

Daubentonia

Dichromats (Kawamura, 2016; Tan & Li, 1999)

Galagonidae

Galago

Monochromats (Kawamura & Kubotera, 2004; Tan &
Li, 1999; Zhou et al., 1997; Deegan & Jacobs, 1996)

Otolemur

Monochromats (Kawamura & Kubotera, 2004; Tan &
Li, 1999; Zhou et al., 1997; Deegan & Jacobs, 1996;
Jacobs et al., 1996)

Loris

Dichromats (Tan & Li, 1999)

Nycticebus

Dichromats (Kawamura & Kubotera, 2004; Tan & Li,
1999)

Perodicticus

Dichromats (Tan & Li, 1999)

Tarsiidae

Tarsius

Dichromats (Kawamura & Kubotera, 2004; Tan & Li,
1999)

Callitrichidae

Callithrix

Polymorphic Trichromats (Bowmaker, 1998; Jacobs,
1998; Hunt et al., 1993; Kawamura et al., 2001)

Lemuridae

Indridae

Cheirogaleidae

Loridae
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Cebidae

Cebuella

Polymorphic Trichromats (Bowmaker, 1998; Jacobs,
1998; Surridge & Mundy, 2002)

Callimico

Polymorphic Trichromats (Surridge & Mundy, 2002)

Leontopithecus

Polymorphic Trichromats (Bowmaker, 1998; Jacobs,
1998; Surridge & Mundy, 2002)

Saguinus

Polymorphic Trichromats (Jacobs et al., 1987; Jacobs
et al., 1993)

Aotus

Monochromats (Levenson et al., 2007; Zhou et al.,
1997; Jacobs et al., 1987)

Saimiri

Polymorphic Trichromats (Bowmaker, 1998; Jacobs
et al., 1993)

Cebus

Polymorphic Trichromats (Bowmaker, 1998; Shyue
et al., 1998; Jacobs & Neitz, 1987)

Alouatta

Trichromats (Jacobs et al., 1996)

Lagothrix

Polymorphic Trichromats (Jacobs & Deegan, 2001)

Ateles

Polymorphic Trichromats (Jacobs & Deegan, 2001)

Callicebus

Polymorphic Trichromats (Jacobs & Neitz, 1987;
Jacobs & Deegan 1999a)

Cercopithecidae Macaca

Trichromats (Jacobs & Deegan, 1999b)

Cercopithecus

Trichromats (Jacobs & Deegan, 1999b; Bowmaker et
al., 1991)

Miopithecus

Trichromats ( Bowmaker et al., 1991; Dulai et al.,
1994)

Colobus

Trichromats (Jacobs & Deegan, 1999b)

Presbytis

Trichromats (Jacobs & Deegan, 1999b)

Hylobatidae

Hylobates

Trichromats (Deegan & Jacobs, 1001)

Hominidae

Pongo

Trichromats (Deeb et al., 1994)

Pan

Trichromats (Dulai et al., 1994; Deeb et al., 1994;
Jacobs et al., 1996)

Gorilla

Trichromats (Dartnall et al., 1983; Nathans et al.,
1986)

Homo

Trichromats (Dulai et al., 1994; Deeb et al., 1994)

Table 1: Color vision phenotypes across primate taxa.
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Name

Age

Sex

Species

In The Study?

Amor Jr.

2

Male

Varecia variegata

NO

Antlia

27

Female

Varecia rubra

NO

Borealis

28

Male

Varecia rubra

NO

Carme*

4

Female

Varecia rubra

YES

Comet

31

Male

Varecia rubra

NO

Galaxy

31

Female

Varecia rubra

NO

Halley*

2

Female

Varecia variegata

YES

Herschel

2

Male

Varecia variegata

NO

Hunter

19

Male

Varecia rubra

NO

Kizzy*

11

Female

Varecia variegata

YES

Krok

6

Male

Varecia variegata

NO

Magellan

5

Male

Varecia variegata

NO

Minias

22

Male

Varecia rubra

NO

Pandora

4

Female

Varecia rubra

NO

Puck

4

Male

Varecia rubra

NO

Pyxis II

21

Female

Varecia rubra

NO

Ravo*

13

Male

Varecia variegata

YES

Rees*

2

Male

Varecia variegata

YES

Titan

4

Male

Varecia rubra

NO

Table 2: Name, age, sex, and species of all lemur subjects at Duke Lemur Center when the study
was first started. Only 5 individuals* were selected to participate in the study based on their
initial and continued interest in the study.
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TRAINING

R

G

B

Intensity Log10
2
(W/m ster)

Luminance (cd/m )

RED

191

0

0

0

39.94

GRAY

69

69

69

- 0.3

25.05

TESTING PHASE I

R

G

B

Intensity Log10
2
(W/m ster)

Luminance (cd/m )

RED

191

0

0

0

39.94

GRAY 1

69

69

69

- 0.3

25.05

GRAY 2

77

77

77

- 0.2

31.19

GRAY 3

87

87

87

- 0.1

39.70

GRAY 4

98

98

98

0

50.13

GRAY 5

110

110

110

0.1

62.76

GRAY 6

124

124

124

0.2

79.14

GRAY 7

139

139

139

0.3

98.61

TESTING PHASE II

R

G

B

Intensity Log10
2
(W/m ster)

Luminance (cd/m )

RED

191

0

0

0

39.94

GREEN 1

0

89

0

- 0.3

24.92

GREEN 2

0

99

0

- 0.2

30.80

GREEN 3

0

113

0

- 0.1

40.04

GREEN 4

0

125

0

0

48.89

GREEN 5

0

142

0

0.1

62.87

GREEN 6

0

159

0

0.2

78.56

GREEN 7

0

179

0

0.3

99.19

2

2

2

Table 3: RGB values and the corresponding log10 intensities and luminance for red, gray, and
green used as stimuli during training and testing sessions. Red has a constant RGB value while
gray and green has seven different RGB values, each increasing logarithmically (W/m2 ster). The
luminance (cd/m2) was calculated using the formula [(Gain x Gun ValueExponent) + Offset] or
[(0.0008 x Gun Value2.0620) + 0.8200].
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Table 4: SMARTA spreadsheet for training. Includes Subject (name), Training Start (date and
time), and Training duration (in minutes).
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Table 5: SMARTA spreadsheet for testing (Phase 1 and Phase 2). Includes Subject (name),
Phase (1 or 2), Session start (date and time), Trial (trial number), Trial duration (in seconds), Left
color (RGB of left square), Right color (RGB of right square), Timed out (if subject did not
interact with touchscreen for the 30 second duration of trial), and Correct (true or false if subject
correctly choose red target key).
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Name

Species

Sex

Phenotype

Carme

Varecia rubra

Female

Trichromat

Halley

Varecia variegata

Female

Trichromat

Kizzy

Varecia variegata

Female

Trichromat

Ravo

Varecia variegata

Male

Dichromat

Rees

Varecia variegata

Male

Dichromat

Table 6: Color vision phenotype of all subjects based on HRM protocol.
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Intensity
Log10
(W/m2 ster)

Trichromat
Number of
Trials

Trichromat
Number of
Correct
Choice

Dichromat
Number of
Trials

Dichromat
Number of
Correct
Choice

df

R: 69
G: 69
B: 69

- 0.3

116

78

118

72

2

0.99

0.609

R: 77
G: 77
B: 77

- 0.2

117

75

116

77

2

0.13

0.937

R: 87
G: 87
B: 87

- 0.1

116

74

117

80

2

0.55

0.759

R: 98
G: 98
B: 98

0

118

76

116

81

2

0.78

0.677

R: 110
G: 110
B: 110

0.1

119

68

117

71

2

0.31

0.856

R: 124
G: 124
B: 124

0.2

116

81

115

73

2

1.05

0.591

R: 139
G: 139
B: 139

0.3

116

77

118

74

2

0.34

0.843

818

529

817

528

2

0.00

1.000

Trichromat
% Correct

64.67

Dichromat
% Correct

64.63

RGB
Values
(Gray)

TOTAL

G Test p-value

Table 7: Performance of trichromats and dichromats in discriminating red from seven different
gray intensities in log10 intensities based on number of correct choice (choosing red target
square). Trichromat percent correct is 64.67% and dichromat percent correct is 64.63%. There is
overall no statistical significance difference between trichromats and dichromats in
discriminating red from gray (G2 = 0, p = 1, p > 0.05).
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RGB
Values
(Green)

Trichromat
Intensity Trichromat Number of Dichromat
Log10
Number of
Correct
Number of
(W/m2 ster)
Trials
Choice
Trials

Dichromat
Number of
Correct
Choice

df

G Test

p-value

R: 0
G: 89
B: 0

- 0.3

116

84

46

24

2

5.90

0.052

R: 0
G: 99
B: 0

- 0.2

116

74

45

19

2

6.14

0.046*

R: 0
G: 113
B: 0

- 0.1

115

95

45

23

2

15.58

0.000**

R: 0
G: 125
B: 0

0

116

93

46

12

2

41.80

< 0.00001**

R: 0
G: 142
B: 0

0.1

117

85

46

23

2

7.36

0.025*

R: 0
G: 159
B: 0

0.2

118

79

46

19

2

8.95

0.011*

R: 0
G: 179
B: 0

0.3

114

81

45

22

2

6.77

0.034*

812

591

319

142

2

78.09

< 0.00001**

Trichromat
% Correct

72.78

Dichromat
% Correct

44.51

TOTAL

Table 8: Performance of trichromats and dichromats in discriminating red from seven different
green intensities in log10 intensities based on number of correct choice (choosing red target
square); * is significant at p < 0.05. ** is significant at P < 0.001. Trichromat percent correct is
72.78% and dichromat percent correct is 44.51%.There is overall a statistical significance
difference between trichromats and dichromats in discriminating red from green (G2 = 78.10, p =
0.00001**, p < 0.001).
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Trichromats

Dichromats

Intensity Log10
(W/m2 ster)

Carme
(%)

Halley
(%)

Kizzy
(%)

Ravo
(%)

Rees
(%)

- 0.3

68.18

72.73

65.57

64.18

56.86

- 0.2

75.56

90.00

51.61

64.18

69.39

- 0.1

63.64

81.82

60.66

74.24

60.78

0

71.11

100.00

53.23

69.23

70.59

0.1

64.44

75.00

48.39

69.70

49.02

0.2

75.00

81.82

63.93

64.62

62.00

0.3

75.00

90.00

56.45

55.22

72.55

Table 9: Percent of correctly choosing red from different gray intensities by individuals
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Trichromats

Dichromats

Intensity Log10
(W/m2 ster)

Carme
(%)

Halley
(%)

Kizzy
(%)

Ravo
(%)

Rees
(%)

- 0.3

70.59

75.00

68.18

52.00

52.38

- 0.2

67.65

65.00

54.55

50.00

33.33

- 0.1

82.35

88.14

68.18

41.67

61.90

0

68.57

88.14

77.27

40.00

9.52

0.1

74.29

80.00

50.00

40.00

61.90

0.2

60.00

78.69

45.45

32.00

52.38

0.3

67.65

82.76

45.45

50.00

47.62

Table 10: Percent of correctly choosing red from different green intensities by individuals
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Intensity
Log10
(W/m2 ster)

Trichromats
(%)

Trichromats
ABS (%)

Trichromats
SD (%)

Dichromats
(%)

Dichromats
ABS (%)

Dichromats
SD (%)

- 0.3

68.83

68.83

3.62

60.52

60.52

5.18

- 0.2

72.39

72.39

19.39

66.78

66.78

3.68

- 0.1

68.70

68.70

11.45

67.51

67.51

9.52

0

74.78

74.78

23.6

69.91

69.91

0.96

0.1

62.61

62.61

13.4

59.36

59.36

14.62

0.2

73.58

73.58

9.03

63.31

63.31

1.85

0.3

73.82

73.82

16.81

63.89

63.89

12.25

Table 11: Percent choosing red from different gray intensities by phenotypes, as well as their
absolute values (ABS) and standard deviation (SD).
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Intensity
Log10
(W/m2 ster)

Trichromats
(%)

Trichromats
ABS (%)

Trichromats
SD (%)

Dichromats
(%)

Dichromats
ABS (%)

Dichromats
SD (%)

- 0.3

71.26

71.26

3.46

52.19

52.19

0.27

- 0.2

62.40

62.40

6.93

41.67

58.33

11.79

- 0.1

79.56

79.56

10.27

51.79

51.79

14.3

0

77.99

77.99

9.81

24.76

75.24

21.56

0.1

68.10

68.10

15.93

50.95

50.95

15.49

0.2

61.38

61.38

16.66

42.19

57.81

14.41

0.3

65.29

65.29

18.77

48.81

51.19

1.68

Table 12: Percent choosing red from different green intensities by phenotypes, as well as their
absolute values (ABS) and standard deviation (SD).
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Figure 1: How the world is perceived through individuals with (A) trichromacy, (B) protanopia,
(C) deuteranopia, and (D) tritanopia. Illustration was made from Coblis - Color Blindness
Simulator http://www.color-blindness.com/coblis-color-blindness-simulator.
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Figure 2: Mechanism of polymorphic trichromacy in ruffed lemurs (Varecia spp.). Because
males only have one X-chromosome, they are always dichromats. Females, on the other hand,
might inherit heterozygote opsin genes because they have two X-chromosomes, making them
trichromats.
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Figure 3: The absorption curves and peaks of the S, L, and M opsins (as well as Rhodopsin) in
humans as well as its corresponding wavelengths (nm). Illustration from Bowmaker & Dartnall
(1980).
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Figure 4: Target (red) squares changes in shapes during training until it is the same size as the
testing target square. During initial training, the whole screen is red. Slowly, the target key gets
smaller until it is the size of the testing target key.
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Figure 5: Illustration of Subject-Mediated Automatic Remote Testing Apparatus (SMARTA).
The phone application is used as a remote. It talks to the tablet application via Bluetooth to show
the two squares. Depending on what the lemur does, such as touch the red square (a correct
choice), the tablet application tells the conveyer belt to move one unit so that it dispenses a food
reward. Simultaneously, the tablet application sends the data back to the phone application via
Bluetooth. The phone application then logs the data online automatically into a spreadsheet on
Google Sheets.
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Figure 6: Subject (Carme) using SMARTA during training. Lemurs are housed in social groups
(between 2 to 4 individuals) in indoor and outdoor enclosures. Training and testing were done
only in indoor enclosures.
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Figure 7: During testing, target (red) square can appear on the left or right randomly, and is
paired with a second stimulus. In Testing Phase 1, red and gray squares. Photo from David
Haring.
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Figure 8: During testing, target (red) square can appear on the left or right randomly, and is
paired with a second stimulus. In Testing Phase 2, red and green squares appear. Photo from
David Haring.
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Figure 9: Percentage of correct choice discriminating red from gray based on individuals.
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Figure 10: Percentage of correctly discriminating red from gray for lemur individuals based on
log10 gray intensities.
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Figure 11: Mean percent of correct choice discriminating red from seven gray intensities based
on phenotypes and different log10 gray intensities. Error bars were tabulated from standard
deviation (SD) from Table 11.
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Figure 12: Absolute mean percent of choice discriminating red from seven gray intensities based
on phenotypes and different log10 gray intensities.
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Figure 13: Percentage correct choices for trichromats and dichromats when discriminating
overall red/gray pair stimuli and red/green pair stimuli. For red/gray discrimination, (G2 = 0, p =
1, p > 0.05) while red/green discrimination (G2 = 78.10, p = 0.00001).
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Figure 14: Percentage of correct choice discriminating red from green based on individuals.
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Figure 15: Percentage of correctly discriminating red from green for lemur individuals based on
log10 green intensities.
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Figure 16: Mean percent of correct choice discriminating red from seven green intensities based
on phenotypes and different log10 green intensities. Error bars were tabulated from standard
deviation (SD) from Table 12.
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Figure 17: Absolute mean percent of choice discriminating red from seven gray intensities based
on phenotypes and different log10 green intensities.
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Figure 18: Percent correct for each lemur when participating in Phase 1 (red vs. gray) by day of
testing. Some lemurs completed their testing sessions in less days than others.
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Figure 19: Percent correct for each lemur when participating in Phase 2 (red vs. green) by day of
testing. Some lemurs completed their testing sessions in less days than others.
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Figure 20: Normalized high resolution melting curves (A) and derivative melting curves (B) for
exon 5 of the M/L opsin gene for Varecia spp. Each color represents an individual.
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